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“One of the most pervasive problems afflicting people throughout the world is 
inadequate access to clean water and sanitation. Problems with water are expected 
to grow worse in the coming decades, with water scarcity occurring globally, even 
in regions currently considered water-rich. Addressing these problems calls out for 
a tremendous amount of research to be conducted to identify robust new methods 
of purifying water at lower cost and with less energy, while at the same time 
minimizing the use of chemicals and impact on the environment.” 
 
 
 
 
 
 
 
 
 
Shannon et al. (2008) Science and technology for water purification in the coming decades. Nature, 452. 
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More than 15 percent of the world’s population does not have access to safe drinking 
water. This might be due to adverse water accessibility, a lack of sanitation and 
inadequate water treatment, all problems commonly met in less developed nations 
(Montgomery and Elimelech 2007). Proper water management may overcome these 
problems. One aspect of water management is the treatment of biologically and chemically 
contaminated water. The main drinking water risks in developing countries are associated 
with microbial pollution and thus, waterborne diseases lead to millions of deaths; according 
to the World Health Organisation (WHO), diarrhoea is the cause of 1.6 to 2.5 million 
deaths per year, with the affected being mainly infants aged under five years (Kosek et al. 
2003). 
Microorganisms are commonly subdivided into groups, such as fungi, helminths, 
protozoa, bacteria and viruses; all potential pathogens. The Environmental Protection 
Agency (EPA) of the United States (US) merged all known human pathogens in a recent 
study, based on an elaborate review by Taylor et al. (2001). The US EPA could thus 
identify the “universe” of microbial contamination candidates (US EPA 2009). All 
microorganisms were screened in order to identify those microbial contaminants which 
may be transmitted via the water route. This demonstrated that about 18 percent of the 
known human pathogens have the potential to cause waterborne diseases worldwide. 
However, most of the pathogens occur at other latitudes than those of North America (or 
Europe), reducing the number of pathogens by 10 percent, which are endemic to most 
developed countries and are possibly transmitted through water, see Table I-1. 
Table I-1. Overview and classification of human pathogenic microorganisms 
 Pathogens transmitted via the water route: 
 
EPA's universe 
Worldwide North America 
Viruses 219 48 7 
Bacteria 540 42 12 
Protozoa 66 15 7 
Helminths 287 155 0 
Fungi 313 3 3 
Total 1425 263 29 
 
To assure water quality, it must be treated. While various technologies are available 
with which a tremendous number of contaminants in water can be controlled, such 
methods often rely on multi-stage treatment, electric energy supply, and on trained 
personnel, making water treatment too expensive for less developed countries (Peter-
Varbanets et al. 2009). Moreover, in regions where no intact distribution system is 
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available, for instance, in many urban and rural areas in less developed countries or in 
catastrophic areas, only decentralised or point-of-use (POU) water treatment is thought to 
be efficient. An elaborate review by Fewtrell et al. (2005) using meta-analysis concluded 
that POU interventions (often undertaken in households) significantly reduce illness 
through improvement in drinking water. Clasen et al. (2007) suggests that POU 
interventions in developing countries are more effective in the reduction of diarrhoeal 
diseases than interventions at the water source. This can be explained by the 
microbiological recontamination of water in the home (Wright et al. 2004). To meet the 
requirements of POU technologies applied in developing countries, such interventions 
must be easy to operate and of low-cost while providing a sufficient quantity of safe 
drinking water. According to these criteria, Sobsey et al. (2008) identified ceramic and 
biosand household water filters as the most effective POU technologies, and 
demonstrated that ceramic filters were associated with the highest prevention of 
diarrhoeal diseases. Hunter (2009) confirmed ceramic filters as the most effective 
household water treatment in developing countries.  
Field studies in which ceramic water filters were distributed to groups in 
communities in Bolivia, Colombia and Cambodia showed about a 50% reduction in 
diarrhoea when compared to the control groups (Clasen et al. 2004; Clasen et al. 2005; 
Brown et al. 2008). This partial reduction in illness might be explained by alternative routes 
of infection and/or due to the passage of microorganisms through the ceramic filter. One of 
the main issues here is the potential presence of human pathogenic viruses which have 
been the source of various outbreaks worldwide. In the past, hepatitis A and E were the 
most frequently observed infections transmitted via the water route. In recent years, 
several epidemics of viral gastroenteritis have been reported (Botzenhart 2007). The 
removal of viruses from water with classical ceramic filters with pore sizes larger than the 
viral dimension represents a particular technological challenge because of the vanishingly 
small size of these colloidal particles. 
However, previous work conducted by our research group (Wegmann et al. 2008a, 
b) showed that the modification of the surface charge of a ceramic depth filter, based on 
the natural material diatomaceous earth (DE), significantly enhanced virus removal from 
water. It was proposed that this was mainly due to the opposed charges of the viral and 
filter surfaces that led to electrostatic enhanced adsorption as the inner surface of the 
microfilter had been coated with nanostructured, positively charged adsorbents which 
trapped the negatively charged viruses. Despite a pronounced improvement in virus 
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removal, these filters had a serious shortcoming as the coating was washed out during 
operation. Thus, one objective of the present study is the introduction of a virus adsorbent 
into the DE-based filter prior to filter sintering which is thought to improve the fixation of the 
adsorbent in the filter matrix. Moreover, this work aims towards understanding the 
mechanisms accounting for virus removal. Therefore, the following Chapter II briefly 
reviews water treatment technologies which are capable of removing microorganisms, in 
particular viruses, from water. Next, the surface forces that account for adsorption 
processes in depth filtration are outlined and the electrostatic enhanced adsorption 
approach is disclosed in Chapter III. Then, in Chapter IV, I present selected studies on 
virus adsorption to solids along with some of their applications. Chapter V deals with 
viruses and their (colloidal) properties. The ceramic filter candle, based on DE, is 
investigated in Chapter VI in terms of its ability to be used as a single-stage filtration unit 
with which to provide microbial safe drinking water at the POU. Chapter VII covers the 
modification of the filter candle with the potential adsorbent magnesium oxide and its 
improved virus retention. Finally, the findings are summarised in Chapter VIII 
accompanied by an outlook. 
Chapter II 
 
7
 
 
Chapter II 
Removal or inactivation of 
microorganisms, in particular viruses, for 
drinking water purposes with focus on 
small-scale, decentralised systems:  
A literature review 
Chapter II 
 
8 
The target for 2015 of the United Nations (UN) is to double the proportion of the population 
with access to clean drinking water compared to 1990 levels. This is described as target 
10 in the Seventh Millennium Development Goal by the UN (UN, 2006). A further relevant 
category is the strategic need for mobile water relief, resulting from natural disasters such 
as floods, droughts, quakes, tsunamis, hurricanes and so forth. With climate change, 
environmental disasters are expected to occur more frequently in the future (Costello et al. 
2009). Thus, there is an increasing demand for portable, simple and low-cost water 
treatment units with which to provide safe drinking water at the POU. Such novel 
technologies might be realised based on several chemical, physical and mechanical 
processes, which have been proven to effectively remove or inactivate viruses or other 
microorganisms as outlined below.  
II. I Physical and chemical treatments 
Heat treatment, as applied by boiling of contaminated water, is perhaps the oldest way of 
disinfection and is still the most common means of treating water in the home. Heating 
water to even 55°C has been shown to kill or inactivate most waterborne pathogenic 
bacteria, viruses, helminths and protozoa. However, costs may vary depending on the fuel 
used, making this method more costly than some other alternatives for treating water. For 
example, in rural areas in Vietnam where wood is used as fuel, costs were estimated to lie 
between US $1.81-2.67 and US $3.22-4.08 per month for wood collectors and households 
that purchased wood, respectively. It has been noted that boiling and storing water often 
does not yield microbiologically safe drinking water, as the risk for recontamination is high. 
Another drawback of boiling is that it may be environmentally unsustainable and contribute 
to the release of greenhouse gases (Clasen et al. 2008). 
The use of chemicals for disinfection, such as free chlorine (sodium hypochlorite), is 
very effective in inactivating most viruses and bacteria, but shows significantly lower 
protection against other parasites like Cryptosporidium parvum oocyst and Mycobacterium 
avium. Beside the taste and odour problems, a high content of organic matter and a high 
turbidity in the water reduces the efficiency of free chlorine (Montgomery and Elimelech 
2007). Moreover, the use of chemical disinfectants may produce toxic by-products such as 
trihalomethanes and haloacetic acids (Shannon et al. 2008). 
Chlorine dioxide (ClO2) is used primarily as a bleaching agent and has gained some 
use for disinfection of both community and POU drinking water supplies in developed 
countries. Chlorine dioxide is a relatively strong germicide capable of inactivating most 
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waterborne pathogens, including Cryptosporidium parvum oocysts, with practical doses 
and contact times. The toxicity of chlorine dioxide and its by-products, such as chlorite, 
limits the use of this disinfectant, because the amount of toxic by-products is difficult to 
control or measure. In addition, the generation of chlorine dioxide from sodium chlorite and 
acid is relatively expensive, compared to free chlorine. For those reasons, chlorine dioxide 
is not widely used and is not recommended for long-term disinfection of household 
drinking water (Sobsey 2002). 
Silver is used as a bacteriostatic agent (also known as the oligodynamic action) for 
POU or household water treatment by storing water in vessels composed of silver or 
passing water through porous or granular filter media impregnated with silver. However, 
the extent to which silver alone inactivates microbes in water is limited, bacteria may 
develop silver resistance and many microbes, such as viruses, protozoan cysts and 
oocysts and bacterial spores, are not inactivated at silver concentrations employed for 
point-of-use drinking water treatment (Sobsey 2002). 
Ozone (O3) is a very effective agent against a large number of waterborne 
microorganisms, including viruses. However, ozone can form the carcinogenic disinfection 
by-product bromate ion in water containing bromide ions, and ozone combined with 
chlorine can form other unregulated by-products that may be more toxic and carcinogenic 
than those associated with free chlorine (Shannon et al. 2008). Ozone must be generated 
onsite using electricity, thus the technology relies on special facilities and trained 
personnel making the use in the home often impractical (Sobsey 2002). 
Chemical precipitation or coagulation and flocculation with various salts of 
aluminium, iron, lime and other inorganic or organic chemicals are widely used processes 
to treat water for the removal of colloidal particles, organic matter and microbes. The 
contaminants are destabilised, chemically precipitated and accumulated into larger "floc" 
particles that can be removed by gravity settling or filtering. Coagulation with aluminium or 
iron salts results in the formation of insoluble, positively charged aluminium or iron 
hydroxides that efficiently attract negatively charged colloidal particles, including microbes. 
Coagulation-flocculation or precipitation using lime, lime soda ash and caustic soda is 
used to soften water, usually ground water, by precipitating calcium, magnesium, iron, 
manganese and other polyvalent, metallic cations that contribute to water hardness. 
However, this technology requires trained personnel to control the process, which often 
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relies on pH adjustment. This, along with the costs of the coagulant, makes this technology 
expensive for small-scaled, decentralised systems (Sobsey 2002). 
Pathogens may also undergo photochemical inactivation with light from the visible 
to the ultraviolet (UV) parts of the spectrum. UV irradiation inactivates waterborne, free 
chlorine-resistant protozoans at a relatively low dose. Also, one drawback is the 
interference with suspended particles (turbidity). These particles interfere by absorbing UV 
radiation (Peter-Varbanets et al. 2009). Viruses appear to be less susceptible to UV 
irradiation and the efficiency varies among species, e.g. Adenovirus F is highly resistant to 
doses of=254 nm (Ko et al. 2005). Thus, a high UV dose is needed for safe disinfection, 
and this relies on electrical energy.  
Alternatively, different water treatment methods may be combined, such as UV 
irradiation together with free chlorine (Shannon et al. 2008). A small-scaled POU 
application has been developed with the solar water disinfection system (SODIS), which 
combines solar UV irradiation with heat treatment that takes place in clear polyethylene 
terephthalate (PET) bottles. These bottles are filled with low turbidity water, shaken and 
placed into direct sunlight for about 5 h. The system has been applied in developing 
countries and showed diarrheal disease reduction of about 30% (Sobsey et al. 2008). 
II. II  Filtration processes  
One great advantage of filtration, if compared to most chemical treatments, is the 
simultaneous and rapid removal of turbidity and microorganisms in a one-stage process. 
When talking about filtration, two major processes may be distinguished, namely surface 
filtration and depth filtration. Surface filtration relies to a great extend on the sieving effect, 
which is the physical straining of particles that are larger than the pore dimension of the 
filter media. The filter media here is often referred to as a membrane and is defined as a 
semi-permeable film of relatively low thickness. Particles are retained on the membrane 
surface and form a cake that grows in thickness as the filtration progresses. In contrast, 
depth filtration corresponds to a filter media of increased thickness, and hence increases 
the path length of contaminants in the filter media. Depth filters are often composed of 
granular media or fibrous materials which further elongate the path length and force 
contaminants to travel around obstacles where they can be trapped by various transport 
and surface forces (Madaeni 1998). Figure II-1 illustrates the principals of surface and 
depth filtration.  
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The quantification of retention performance can be obtained either by fractional 
retention (R) or the log reduction value (LRV) as given in equations (eq. II/1) and (eq. II/2), 
respectively. Therefore, the concentration of the component of interest (i) is determined 
experimentally in the influent water (Ci0) and in the effluent (Ci). 
Effluent, Ci
surface filtration depth filtration
Influent, Ci0
filter cake
virus
contaminants
 
Figure II-1. Scheme depicting surface filtration and depth filtration. 
 
   1
0i
i
i C
C
R           (eq. II/1) 
          (eq. II/2)  iR 1-logLRV 10i 
 
Further relevant parameters that characterise the performance of a filtration process 
are: the flow rate (V ), which refers to a certain effluent volume (V) per unit time (t) (eq. 
II/3) ; the flux ( ),additionally taking into account the outer filter (or membrane) surface 
(AFS) (eq. II/4); and the porosity (), which is the volume pore fraction (VP) divided by the 
total volume of the filtration media (VF) (eq. II/5). 

J
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  Δt
ΔVV           (eq. II/3) 
  
FSA
VJ
           (eq. II/4) 
  
F
P
V
V          (eq. II/5) 
 
In general, membrane processes rely on a driving force that is used to separate two 
phases. The driving force can be a difference in pressure, concentration, temperature or 
electric potential. Most membrane processes are pressure-driven and are commonly 
referred to as membrane filtration processes. The separation range of different membrane 
processes and the corresponding applied pressure ranges for operation are shown in Fig. 
II-2. Regarding the production of drinking water, it is important to assess membrane 
technologies in relation to waterborne contaminants such as viruses, bacteria and 
protozoa.  
NANOFILTRATION
applied pressure 5-20 bar
ULTRAFILTRATION
applied pressure 2-7 bar
MICROFILTRATION
applied pressure 1-5 bar
humic acids
ionic
macromolecular
colloids
0.1nm 1nm 10nm 100nm 1000nm          10000nm
REVERSE OSMOSIS
applied pressure 30-150 bar
Viruses
Bacteria
Protozoa
 
Figure II-2. Overview of the working ranges of membrane processes and the dimensions of potential 
contaminants (adapted from Peter-Varbanets et al. 2009, Madaeni 1998). 
 
Microfiltration is a standard process for sterilisation in scientific research as well as 
in medical and industrial applications, and for removing particles in drinking water or for 
wastewater treatment. It is generally assumed that filters with a 0.1-0.45 m pore size 
retain bacteria, which is confirmed by quantifying filtration efficiency by plating. In contrast 
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to this assumption, Wang et al. (2007) have regularly observed the passage of a 
significant fraction of natural freshwater bacterial communities through 0.45, 0.22 and even 
0.1 m pore size filters. Bacteria with dimensions of 0.25 to 0.3 m in diameter and 0.6 to 
1.0 m in length were found to penetrate through 0.22 m membranes. Moreover, the 
passage of Pseudomonas diminuta (0.3 m in diameter) through a Nuclepore 0.2 m 
membrane was reported. This phenomenon can be explained due to the availability of 
some openings in the membrane larger than the nominal pore size, imperfections or 
inferior installation of the membrane (Madaeni 1998).  
The pore size of ultrafiltration membranes is small enough to ensure high log-
removal of microbiological hazards such as Cryptosporidia, Giardia and total bacterial 
counts (Hagen 1998). Substantial virus removal can be attained with ultrafiltration 
membranes since the size of viruses is in the range of the pore dimensions. However, the 
retention of small species, in particular enteric viruses (see Chapter V.I.III), may not be 
complete due to membrane imperfections. Also, the retention of viruses with such 
membranes might be attributed to adsorption processes and thus depend on solution 
composition and operation conditions (Madaeni 1998). When virus removal needs to be 
ensured, membranes with smaller pore sizes are preferred which rely on a higher 
operating pressure and thus higher energy consumption.  
Nanofiltration and reverse osmosis can be used to remove all kinds of 
microorganisms, as well as inorganic contaminants from water. Most nanofiltration 
membranes are effective in removing bivalent ions (typical retention > 90%), but reverse 
osmosis membranes are required for monovalent ions. For example, desalination of 
seawater or brackish water is currently performed with reverse osmosis membranes. The 
technology and some still remaining challenges have recently been reviewed by Greenlee 
et al. (2009).  
In comparison to conventional water treatment, the main advantages of membrane 
processes are that, in principle, water can be treated in one stage without chemicals or 
utilities, while the treatment footprint is relatively small. Developments in membrane 
technology field over the last decades have resulted in a significant decrease in membrane 
costs and energy requirements (Churchhouse 2000). In addition, membrane systems are 
built in a modular form which enables easy adaptation of process scale. 
However, the main limitation of membrane systems is membrane fouling (the 
establishment of a growing filter cake and/or the clogging of pores). Fouling prevention 
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measures for microfiltration (and ultrafiltration) usually include regular backflushing 
(approximately every 30 min in large-scale applications) and chemical cleaning. In case of 
ultrafiltration, nanofiltration and reverse osmosis, pre-treatment is usually used, and the 
systems are operated in a cross-flow mode. Such fouling prevention measures require 
automated process control and regulation, resulting in increased investment costs and 
trained personnel (Peter-Varbanets et al. 2009), making membrane technology not 
applicable to POU water treatment in less developed nations. 
In depth filtration (also known as packed-bed, deep-bed or granular filtration), 
colloidal particles with diameters smaller than that of the pore channels can be retained by 
deposition. Depth filtration has been established in various fashions, for example, with 
grains of sand, activated carbon or pumice stone packed in a bed (Gimbel et al. 2008) or 
fibrous materials in a woven matrix (Peter-Varbanets et al. 2009). Also, precoat filters have 
been applied that use filter aids such as DE (McIndoe 1969). Depth filtration per se has 
some advantages when compared to membrane technology, e.g. it is less susceptible to 
fouling and particles may be retained due to adsorption. This results in a lower applied 
pressure in depth filtration while obtaining comparable throughputs as with surface 
filtration. Using the example of sand filtration, the principle of depth filtration is described 
below. 
Sand filters, such as slow sand filters, pass water through a bed of sand. Pathogens 
and turbidity are removed by natural die-off, biological action and filtering. The filter can be 
cleaned several times before the sand has to be replaced. The slow sand filter itself is a 
huge box designed for water treatment on large scale. The walls should be as rough as 
possible to reduce the tendency of water to run down the walls of the filter, bypassing the 
sand. While the slow sand filter will begin to work at once, optimum treatment for 
pathogens will take a week or more. After the filter has stabilised, the effluent water shows 
low microbiological activity. As the flow rate slows down, the filter will have to be cleaned 
by draining and removing the top few inches of sand. As the filter is refilled, it will take a 
few days for the biological processes to re-establish themselves (Cheremisinoff 2002). 
Slow sand filtration has been adapted for use in the home and is known as biosand 
filtration. Biosand filters are containers filled with sand in which a bioactive layer is allowed 
to grow as a means of eliminating disease-causing organisms. Water can be forced 
through the filter even by gravity alone, thus these filters do not rely on any energy supply. 
Laboratory and field tests have shown that biosand filtration removes bacteria consistently 
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if not completely, on average by 81–100%, and protozoa by 99.98–100%. However, these 
filters have limited virus-removal efficiency (Peter-Varbanets et al. 2009). 
II. III  Conclusions 
Beside the taste and odour problems and the potential to produce toxic by-products, 
chemicals are specific to the inactivation of different microorganisms and thus do not 
assure the production of safe drinking water. Although technologies such as ozone, UV-
irradiation or membrane processes can provide safe drinking water, these techniques 
become impractical for use in less developed nations due to an absent infrastructure and 
lack of trained personnel as well as high energy consumption, all leading to high costs. 
Flocculation must usually be combined with a filtration step in order to produce safe 
drinking water, while depth filtration alone fails when small sized pathogens, such as 
viruses, are to be removed. However, if small-scale depth filtration can be modified in a 
way to also retain viruses, it would offer a competitive solution to boiling for the production 
of microbially safe drinking water at the POU. 
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The deposition of contaminants generally involves two steps, namely transport and 
attachment. Transport of submicron (Brownian) particles to a solid surface in a porous 
media is controlled by convection and diffusion, while that of larger (non-Brownian) 
particles is controlled by forces arising from gravity and fluid drag (Jegatheesan and 
Vigneswaren 2005). Thus, transport depends on particle size and flow rate in a 
complicated manner. However, interfacial forces influence the attachment efficiency factor, 
which is a ratio describing the fraction of adhering particles to a collector. An attachment 
efficiency of unity implies that every collision leads to permanent attachment. This 
condition should be achieved when surface-chemical conditions are adjusted to eliminate 
repulsion. Repulsive forces can reduce the attachment efficiency by many orders of 
magnitude, such that practically no deposition occurs (Elimelech et al. 1995). Hence, the 
attachment (or adsorption) of particles is dominated by colloidal interactions in the vicinity 
of the collector surface, where various long- and short-range forces between the adsorbent 
and the adsorbate determine either an attractive or a repulsive force. This chapter serves 
as an overview of the possible forces that act between the interface of the adsorbent and 
the adsorbate in the aquatic environment. 
III.I  Surface charge and the electrical double layer 
At the interface of a material, the surface Gibbs energy differs when compared to the 
interior conditions of the bulk. In order to minimise the free energy, atoms or ions at the 
surface may undergo reconstruction (i.e. rearrangement of surface atoms/ions) or 
relaxation (i.e. contraction or expansion of atoms/ions relative to their surface plane). Also, 
the adsorption of foreign atoms or ions can minimise the free energy, leading to a new 
surface structure (Kiejna and Wojciechowski 1996, Al-Abadleh and Grassian 2003). 
When solids, such as metal oxides (MO) are in contact with water, even with vapour 
under ambient conditions, the surface of the solid adsorbs water molecules to minimise the 
surface energy. Thus, solids are often covered with a few layers of water (Al-Abadleh and 
Grassian 2003) so that surfaces become “hydrated” in several ways according to Parks 
(1965): 
i. Physical adsorption of water molecules, including hydrogen bonding to 
oxygen ions but not dissociation. 
ii. Chemisorption of water which dissociates, resulting in surface –MOH 
groups.  
iii. Reactions resulting in conversion to an oxyhydroxide or hydroxide. 
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Thus, the metal oxide-aqueous interface may be reactive due to its acid-base 
chemistry. The protonation and deprotonation of –MOH groups leads to an electrically 
charged surface that depends on the degree of ionisation (proton transfer) and 
consequently on the pH of the environment (Stumm 1992). This is schematically shown in 
Figure III-1. The pH-value at which the net surface charge switches its sign is referred to 
as the isoelectric point (IEP) and is a characteristic parameter of the material in equilibrium 
with its environmental water chemistry. At pH values below the IEP, the surface is 
positively charged, indicating an excess of surface protons, whereas above the IEP the 
surface is negatively charged, indicating a proton deficiency (Brown et al. 1999). 
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Figure III-1. pH-dependent surface charge at the metal oxide surface. 
 
The electric state of a surface depends on the spatial distribution of free charges in 
its neighbourhood. Theoretical models of charged surface-water interfaces were first 
introduced with the pioneering work of Gouy, Chapman and Stern. Such models are 
combined in the term electrical double layer (EDL). To account for experimental results, a 
wide variety of models describing the adsorption of chemical species to oxide surfaces 
have been developed. The most widely accepted is the Gouy-Chapman-Stern model. In 
this model, the surface hydroxyl groups determine the 0-plane as sketched in Figure III-2a. 
Charged species may be bound specifically via inner-sphere-complexes at the -plane 
within the Stern layer. Weaker bonded, outer sphere complexes are found in the -plane. 
The -plane opens up the diffuse layer where the localisation of charges is balanced 
between electrostatic and thermal forces; hence the charged species is distributed 
diffusively in close approach to the surface. Thereby, the concentration of counter-charges 
and, as a consequence, the electrical potential (U), decays exponentially with distance 
from the -plane. Although aquatic particles bear electric charge, this charge is balanced 
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by the charges in the diffuse layer to create the effective counter charge (Stumm 1992, 
Elimelech et al. 1995, Brown et al. 1999). 
The development of U as a function of distance (x) from the MO surface is sketched 
in Figure II-2b. The sketch also presents the thickness of the EDL, which is defined as the 
diffuse layer. The diffuse layer, also known as the inverse Debye length, (1/), is the 
distance at which the Stern potential UStern has fallen to the value 1/e (Euler’s number).  is 
the Debye-Hückel parameter as given in equation (eq. III/1) with the ionic strength (I) 
according to equation (eq. III/2) (Adamczyk 2003). Here, ci is the concentration (mol/l) of 
the i:th ion in bulk phase and zi is its valence. The Debye-Hückel parameter takes into 
account the elementary charge (e-) as well as Avogadro’s number (NA). Further, 0 is the 
electric permittivity in vacuum and w is the dielectric constant of water, k refers to the 
Boltzmann constant, and T to the absolute temperature. Within the diffuse layer, the 
development of U for a flat surface can be described (eq. III/3) (Shaw 1992). 
0-plane
-plane
-plane
-plane O2-
H+
H2O
Cation
Anion
bulk metal oxide bulk water
pH<PZC(MO)
electrical double layer (EDL)
Stern-
layer Gouy- or diffuse-layer
U0-plane
UStern

1/
Distance (x)
Potential (U)
U=UStern/e

shear plane
z
a)
b)
  
Figure III-2. (a) An atomic-scale sketch of the EDL at the interface of a metal oxide immersed in water 
containing dissolved ionic species (e.g. salts). In (b), the corresponding change of the electrical potential (U) 
with distance perpendicular to the surface plane is sketched. The scheme shows elements of the Gouy-
Chapman-Stern model according to Stumm (1992), Shaw (1992), Elimelech et al. (1995) and Brown et al. 
(1999). 
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The surface charge can be determined experimentally, for example by 
electrophoresis as described in Chapter V.II.III. The use of electrophoresis, however, 
enables the determination of the so-called zeta potential () which is not equal to UStern, 
which might be considered the “true” surface potential of a given sample (see Figure III.2.b 
and also Chapter V.II.III). If the Stern potential is separated by a distance z, the inter-
atomic distance, from the shear plane (or ) of a flat surface, the Stern potential can be 
obtained with the help of equation (eq. III/3). For a spherical particle of radius (a), the Stern 
potential can be calculated with equation (eq. III/4). The distance z is between 0.3 to 0.5 
nm (Chattopadhyay and Puls 1999). 
  zStern ea
zU 

   1         (eq. III/4) 
 
No EDL exists at the IEP of a material. Parks listed extensively IEPs of various MOs 
in his study. These IEPs were found to scatter for single components, which was explained 
by impurities originating from different synthesis procedures. Hydration as well as surface 
defects were observed to increase the IEPs (Parks 1965). Kosmulski continued to list IEP 
values reported in the literature in some more recent studies (Kosmulski 2002, Kosmulski 
2004, Kosmulski 2006, Kosmulski 2009), and has discussed the differences reported in 
IEPs (Kosmulski 2003). Alternatively, this characteristic pH value at which the surface 
carries no net charge is termed the point of zero charge (PZC), when the MO is dispersed 
in pure water. This differentiation is made to identify the effect of other charged species in 
the suspension on the net charge of the surface. Such species may interact within the 
Stern layer of the surface, for instance via specific adsorption, and alter the pH at which 
the system carries no surface charge. 
Chapter III 
22 
 
Specific adsorption in the Stern layer, accompanied with an IEP shift, may be 
advantageous when the aggregation behaviour of colloidal suspensions need to be 
controlled. The surface charge at a certain pH value can thus be reversed and lead to 
repelling forces between particles. This was shown, for example, with hydrogen bonded 
citric acid on alumina particles. Such electrostatic stabilisation procedures can improve 
ceramic processing (Hidber et al. 1996).  
The stabilisation of colloidal suspensions has often been described with the 
classical theory of Derjaguin, Landau, Verwey and Overbeek (DLVO) (Derjaguin 1934, 
Derjaguin and Landau 1941, Verwey and Overbeek 1948). The DLVO theory takes into 
account van der Waals and electrostatic interactions between colloidal particles of certain 
geometry under consideration of the ionic composition of the suspending media. Thus, it 
has been also used to account for sorption processes, such as microbial adhesion 
(Hermansson 1999). 
III.II  van der Waals interactions 
The van der Waals interactions between bodies of material, arising from the interaction of 
oscillating dipoles in the interatomic bonds of each body, manifest themselves in various 
aspects of behaviour ranging from the determination of surface energies, and 
consequently wetting behaviour, to the stability of colloidal suspensions. The Hamaker 
constant (AH) is a specific quantity with which to represent these interactions for a given 
system, such as between material #1 and material #2 in water. AH can be determined 
either by force measurements between the bodies (using the Surface Force Apparatus or, 
more recently, the Atomic Force Microscope) or by calculations based on physical 
properties of the materials. According to the theory of Lifshitz (Dzyaloshinskii et al. 1961) 
the dielectric properties of the materials must be known for all frequencies. This approach 
is also known as the Full Spectral Method. However, simplified methods such as the Tabor 
Winterton Approach and the Single Oscillator Model have been applied in order to 
determine AH for a specific system (Ackler et al. 1996). A widely used model, which 
basically combines the two simplified methods, enables the calculation of AH for like 
bodies (b) in a medium (m) according to Israelachvili (1992) and reads: 
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Thereby, only the refractive index (n) and the relative permittivityr) of the like 
bodies and the media, the Plank’s constant (h) and the main electronic absorption 
frequency in the UV region (ve) of the media are essential to estimate the Hamaker 
constant. In this work, the relation in (eq. III/5) always refers to the aquatic system (w), 
hence ve=3*1015 1/s. However, the AH can be easily transformed with the help of equation 
(eq. III/6) in order to obtain the AH of the like bodies in a vacuum (or air) (v) (Elimelech et 
al. 1995). This is of interest when the Hamaker constants of two different materials #1 and 
#2 in water are to be determined using the relation in equation (eq. III/7) (Israelachvili 
1992). 
   21111 wvwwv AAA             (eq. III/6) 
     wvwvwvwvw AAAAA  221121         (eq. III/7) 
 
III.III  DLVO theory 
The DLVO theory has been used to account for virus sorption processes in systems 
different to those investigated in this work. In several studies (Murray and Parks 1980, 
Loveland et al. 1996, Yuan et al. 2008, Gutierrez et al. 2009, Attinti et al. 2010), the 
classical approach of the DLVO theory has been applied, mainly considering sphere-plate 
geometry. Thereby, the sum of the van der Waals interaction energy (VDW) and the 
electrostatic double layer interaction energy (EDL) gives the total interaction energy 
according to classical DLVO theory (DLVO), equation (eq. III/8). 
  EDLVDWDLVO         (eq. III/8) 
 
Since viruses may be regarded as spherical particles which are relatively small (see 
Chapter V.I.I), the previously mentioned assumption of sphere-plate geometry may be 
suitable for the virus adsorption processes evaluated in this work. However, care must be 
taken when such approaches are applied to describe virus sorption phenomena such as 
the Derjaguin approximation, which is used to give an analytical solution for the total 
interacting energy between solids of particular geometry in DLVO theory (Derjaguin 1934, 
Hoek and Agarwal 2006), and is only valid for a >> 1 (Bhattacharjee and Elimelech 
1997). This constraint is likely not fulfilled as viruses have very small dimensions with 
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diameters as small as 18 nm. Hahn et al. 2004, however, report other assumptions 
including UStern < 60 mV, a > 5 in a 1:1 symmetrical electrolyte (such as NaCl*nH2O), 
under which the EDL between a sphere and a flat plate can be derived in the form of 
equation (eq. III/9), according to Hogg et al. (1966). Here, UA and UV refer to the Stern 
potential of the adsorbent and the virus, respectively. The retarded VDW can be calculated 
using the approximate expression of Gregory (1981) shown in equation (eq. III/10) where x 
is the separation distance, λW is the dielectric wavelength for water (100 nm), and AH as 
the Hamaker constant of the specific system. 
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The total DLVO is divided by kT to take the thermal energy of the particles (T=kT) 
into account (Shaw 1992). This results in energy-distance curves as shown in Figure III-3. 
The Figure shows three different courses of the total interaction energy. One results in 
repulsive interaction where both the virus and MO carry a net surface charge of identical 
sign. In contrast is the attractive curve which is established if the virus and MO have 
oppositely charged surfaces. The continuous line presents a more complex course. Here, 
the virus must overcome an energy barrier (B) to become strongly attached in close 
approach to the MO surface (also known as the primary minimum). On the other hand, the 
virus may be attached reversibly in an energy well (W) (or secondary minimum) at a 
larger distance from the MO surface. 
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Figure III-3. The sphere-plate model used in DLVO theory. The total interaction energy curves (DLVO) for 
three different cases are schematically shown as a function of distance from the metal oxide surface. 
 
III.IV  Non-DLVO forces 
Another type of long-range force is related to hydrophobic interactions: a relatively strong 
force, when compared to classical DLVO forces, has been measured between 
hydrophobic surfaces, such as biological molecules exposing hydrocarbon groups. 
Hydrophobic interactions have been implicated in the adhesion and fusion of amphipathic 
assemblies (containing both hydrophilic and hydrophobic parts) such as proteins 
(Israelachvili 2000). The force itself originates from the interaction of solvent (water) 
molecules among each other. Polar water molecules squeezed between two hydrophobic 
surfaces have reduced freedom to form cluster-like structures in a three-dimensional 
network, since contact with the surface is essentially avoided. Surface hydrophobicity is a 
phenomenon driven by water self-association in a manner that directly parallels the 
hydrophobic interactions in solution phase. The hydrophobic surfaces therefore have a 
preference to associate with each other (Birdi 2009). Surfaces can be characterised in 
terms of their hydrophobicity by measuring the water-contact angle () on a solid 
substrate, whereby a larger refers to a material of hydrophobic character. Common 
materials are divided into wetting (< 90°) and non-wetting (> 90°) surfaces. However, 
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hydrophobic interactions become effective between surfaces with > 65°, whereas 
hydrophilic surfaces exhibit < 65° (Vogler 1998). The exact origins and character of 
hydrophobic interactions remain an open question that is currently the subject of extensive 
research (Liang et al. 2007, Birdi 2009). 
Hydration (or structural) forces can arise from the way water molecules (or other 
solvent molecules) order themselves at the solid-liquid interface and how such a structure 
responds to a neighbouring surface. When two surfaces approach each other, one layer of 
water after the other is squeezed out of the closing gap. Layers close to the surface 
experience a stronger attraction to the interface as do water molecules in the bulk. The 
ordered structure of these near water layers can avoid a collision and thus act in a 
repulsive manner (Grasso et al. 2002). This short-range force was experimentally 
investigated, for example, by force measurements between silica surfaces in aqueous 
solutions of NaCl (Grabbe and Horn 1993). It depends on the physical and chemical 
properties of the surface being considered and the intervening medium and is probably 
related to the degree to which solvent molecules are localised and ordered at the interface 
(Liang et al. 2007). The hydration force may be disturbed in the presence of ions, as such 
charged species may render the structure of the water layer, especially with high valence 
ions (Grasso et al. 2002). Surface roughness may smear out the ordering as well and 
diminish the hydration force in magnitude (Birdi 2009). 
A hydrogen bond is an attractive interaction between a proton donor (A-H) and a 
proton acceptor (B) and can be conceptualised as: A-H---B. Atoms A and B are usually the 
highly electronegative F, O, N, S, for which dipole moments are large. The bond energy (or 
enthalpy) ranges from 0.8 to 170 kJoule/mol, whereas the highest energies refer to a 
hydrogen bond with energies as they are found in covalent bonds. Such interactions are 
always orientated with bond lengths ranging from 0.2 to 0.4 nm, and thus considered 
short-range forces. More detail on the topic of hydrogen bonds can be found in the reviews 
of Perrin and Nielson (1997) and Steiner (2002). 
Particle attachment to a filter can arise from the mutual adsorption (or bridging) of 
dissolved polymers, such as polyelectrolytes or hydrolysis products of alum 
(KAl(SO4)2*12H2O) used as flocculants. These polymers form links and bridges, having 
one end attached to the filter grain surface and the other to the particle. In contrast, steric 
interactions may introduce a repelling force when particles are coated with an adsorbed 
layer of macromolecules. The adsorbed macromolecules may be compressed during an 
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encounter that leads to a repulsive force between the bodies (Jegatheesan and 
Vigneswaren 2005). 
III.V  Extended DLVO Theory 
Although DLVO-theory has been used to describe various colloidal phenomena, it has 
failed to give a unifying description. Non-DLVO interactions, such as hydrophobic 
interactions, have been included in some models and are known as extended DLVO 
theories (X-DLVO). Many of these non-DLVO interactions are still incompletely understood 
and quantitative theory has not been generally accepted (Bradford and Torkzaban 2008). 
Such non-DLVO contributions to the total interaction energy can be simply included in 
XDLVO calculations by summation of the additional term, for example for hydrophobic 
interactions: 
  HydrophobEDLVDWXDLVO        (eq. III/11) 
 
Yoon et al. (1997) proposed an empirical model to calculate asymmetric 
hydrophobic interactions between two surfaces based on the respective water contact 
angles. Hydrophobic interactions between a small particle and a flat surface can thus be 
described by: 
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 where K1W2 is a constant for asymmetric interactions between materials #1 and #2 
in water and is given by: 
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where 1 and 2 are the water contact angles of the two surfaces, and a and b are 
system-specific constants. For a system of silica surfaces with differing contact angles, a 
was -7 and b was -18 (Yoon et al. 1997). 
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Virus adsorption studies 
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IV.I  A literature review 
Virus adsorption onto surfaces in soil and water was reviewed by Bitton in 1975. The 
review states that virus removal in waste water treatment plants is dominated by 
adsorption when treatments with oxidising agents, heat, and UV-irradiation are not 
considered. Activated carbon, for example, was shown to remove from 9 to 75% of viruses 
from water. In the activated sludge process, the adsorption to solids was responsible for 
67% removal of the Coxsackie virus. Sand filtration provided up to 98% removal of 
Poliovirus when alum was added ahead of the filter. Flocculation processes that combine 
alum with polyelectrolytes were found to remove up to 99.9% of viruses. Moreover, the 
adsorption onto solids such as glass, DE, clay minerals, as well as oxides of aluminium 
and iron has been reported in water. Bitton estimated adsorption capacities for iron oxides 
between 105 to 107 virus particles per gram of iron oxide. The adsorption was frequently 
found to be influenced by the electrolyte conditions: for example, a maximum level of 
adsorption required ten times more monovalent Na ions than divalent Ca ions. Also, the 
presence of proteinaceous materials had an effect on the adsorption process. Such agents 
competed with the virus for adsorption sites and thus hindered virus adsorption to 
surfaces. Adjusting the electrolyte conditions enabled the reversal of adsorption and 
prompted many researchers to ascribe virus adsorption to electrostatic interactions rather 
than driven by diffusion as proposed earlier (Valentine and Alison 1959). Also, viruses 
were reported to adsorb to cationic and anionic ion exchange resins. However, in distilled 
water, the negatively charged bacteriophages T1 and T2 readily adsorbed to the anionic 
resin but failed to do so at the cationic resin. 
Murray and Parks (1980) studied the adsorption of Poliovirus to various powdered 
surfaces: SiO2, Fe2O3, MnO2, CuO, Al2O3, aluminium and silicon metal. Their results led 
them to propose that DLVO theory should be regarded as a principal approach with which 
the adsorption of viruses on various inorganic surfaces can be described. Other 
contributions such as ionic or covalent bonding, hydrophobic interactions and hydrogen 
bonding appeared to be of secondary importance. 
In contrast, Gerba published a review article in 1984 concerning the applied and 
theoretical aspects of virus adsorption onto surfaces. The article illustrates significant 
contribution of hydrophobic interactions in virus adsorption along with the forces described 
in DLVO theory. Moreover, virus adsorptive behaviour depends greatly upon the virus 
being studied. Hydrophobic interactions can be expected to play a major role in the 
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adsorption of lipid-containing viruses (having an envelope, see Chapter V.I.I) and their 
adsorptive behaviour could be expected to be quite different to that of the more hydrophilic 
viruses (enteric viruses, see Chapter V.I.III). Some studies also suggest hydrogen bonding 
as the dominant force in virus adsorption to polymers and inorganic surfaces.  
Gerba also discussed the protective effect of viruses adsorbed to various clays, 
soils and containers composed of different materials, such that viruses which had been 
adsorbed to such surfaces in the aquatic environment showed a prolonged survival 
compared with reference samples. On the other hand, inactivation of viruses on surfaces 
of aluminium, zinc, magnesium, MnO2, CuO, Fe3O4 and soils has been reported. Further 
analysis indicated that the virus was not only being inactivated at the surface of CuO but 
that degradation of the virus was taking place. The nucleic acids of the virus were released 
from the capsid and broken down into small fragments. The inactivation of viruses on 
surfaces was found to be specific to certain types of viruses. Although the underlying 
principles remain unclear, Gerba proposed possible mechanisms of virus inactivation on 
surfaces as summarised in Figure IV-1. 
 
Figure IV-1. Mechanisms of virus inactivation on solid surfaces (from Gerba 1984). 
  
When these aspects of virus adsorption and/or inactivation are applied to 
conventional water treatment, Gerba generally confirmed the previous results as stated in 
the review by Bitton from 1975. However, in the review by Gerba, some important 
additions can be found that are presented here: flocculation has been shown to be 
effective in virus removal and is in agreement with the electrostatic attraction between 
negatively charged viruses (see Chapter V.I.III) and positively charged hydrolysis products 
of aluminium, calcium and iron or cationic polyelectrolytes. The use of Ca(OH)2 (hydrated 
lime) as coagulant showed a degree of virus removal of 99%. Water treated with lime 
Chapter IV 
32 
 
results in a more basic pH of 9 to 12 which presumably is also an important factor in the 
effectiveness of this process, as many viruses are readily inactivated at these pH levels. 
Sand filtration is often practiced in wastewater and drinking water treatment 
(Chapter II.II). Without the addition of flocculation aids, this process is inefficient and the 
amount of virus removed is erratic. Viruses generally have a low affinity for sand, and the 
degree of removal is dependent on flow rates, pH, the presence of organic matter and 
particularly on the concentration of divalent cations. DE, which is also composed to a large 
degree of SiO2, is also a poor adsorbent for viruses when used as a filter aid in precoat 
filtration (Gerba 1984). Since SiO2 has an IEP < 4 (see Chapter VI.II.II) and thus bears a 
negative surface charge, as do most viruses, in natural waters, the low affinity of viruses 
for SiO2 based materials is in agreement with repulsive forces originating from electrostatic 
interactions. 
In another study by Penrod et al. (1996) two bacteriophages, MS2 and , were used 
to investigate the deposition kinetics in packed beds of quartz. Tests were carried out at 
pH 5 and at pH values equal to the IEPs of the viruses at various ionic strengths (0.01 – 
0.3 M NaCl). Both viruses showed a low retention (< 1 LRV) in the sand column at pH 5 
and 0.01 M NaCl, which is in agreement with repulsive electrostatic interactions as the 
viruses as well as the sand carry a net negative surface charge under these conditions. 
However, when the NaCl concentration was increased to values of 0.1 and 0.3 M NaCl, 
the removal of the tailed bacteriophage  was significantly improved with retentions around 
5 LRV. In contrast, the retention of MS2 was not affected. The authors attributed this to 
increased van der Waals interactions between  and the sand relative to MS2 due to the 
larger physical dimension of phage . Moreover, the study indicated a favourable 
interaction with the tail of phage  and the bed media, possibly because the tail itself has a 
lower surface charge than does the capsid. Retention experiments conducted at pH equal 
to the IEP of viruses, which were measured at 3.5 and 3.9 for MS2 and , respectively, 
revealed an increased removal around 3 LRV at 0.01 M NaCl. 
The virus adsorption and transport through sandy soils (composed of sand, silt and 
clay) in groundwater was studied by Dowd et al. (1998). They employed five different 
spherical bacteriophages (MS2, PRD1, Q,  and PM2) having differing IEPs (3.9, 4.2, 
5.3, 6.6 and 7.3, respectively) in laboratory experiments. The data suggested that the IEP 
of a virus is the predetermining factor controlling viral adsorption within aquifers, 
underlining the major role of electrostatic forces in virus adsorption. 
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Chattopadhyay and Puls (1999) studied the thermodynamics of sorption of 
bacteriophages (T2, MS2 and ) on four different clays. Adsorption experiments were 
conducted in 0.01 M NaCl at neutral pH revealing an average adsorption capacity of 104 
PFU/mg clay. They calculated electrostatic and hydrophobic interactions, based on  as 
well as contact angle measurements. These calculations revealed that hydrophobic 
interactions dictate the adsorption process rather than electrostatic forces. The different 
phage types were observed to adsorb to the clays in the order: T2 > MS2 > . 
The adsorption of Tobacco mosaic virus (TMV) to inorganic surfaces was studied by 
Knez et al. (2004) who used an atomic force microscope (AFM) to qualitatively investigate 
the strength of bonding. They found weak to strong virus binding, depending on the 
substrate and the pH. For example, TMV binds only weak to graphite via van der Waals 
forces. The bond is stronger whenever hydrogen bonds can form on the surface such as 
gold (covered by a very thin water layer) as well as hydroxyl containing surfaces (mica, 
glass and treated silicon wafers). Covalent attachment to an acyl chloride modified gold 
substrate showed strong bonding in a way where AFM can effect a stepwise degradation 
of TMV by shaving off material. Overall, they concluded that binding is achieved when the 
surface chemistry of the substrate and the virus match. 
IV.I.I  Virus concentration by adsorption-elution 
Since viruses may occur in natural waters at very low concentrations, methods with which 
to concentrate the pathogens are desired in water quality assessment. A method often 
used is the microporous filter adsorption-elution process. In this procedure, the water 
being sampled is passed through a microporous filter and viruses retained on the filters 
are then eluted by the passage of a small volume of eluent. The eluent is usually a 
proteinaceous solution adjusted to pH 8 to 11. Whilst the first generation of such filters 
carried a negative surface charge, the second generation of filter media possessed a 
positive surface charge. These filters made the concentration procedure easier to use 
since the elaborate adjustment of pH and salts in the adsorption step was dispensable 
(Gerba 1984).    
Second generation filters have been developed by the modification of commonly 
applied filter materials such as DE. In order to promote the electrostatic adsorption of 
viruses on DE, the material can be modified with coatings which impart a positive surface 
potential between pH 5 and 9, the pH range of natural water sources. This has been 
achieved both with the application of organic polyelectrolytes (Brown et al. 1974a, b; 
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Chaudhuri et al. 1974) and of metallic hydroxides of aluminum, calcium, iron and 
magnesium (Farrah et al., 1991) and virus removal efficiencies on the order of 99% have 
been demonstrated. Modification of cellulose filters by in situ flocculation of ferric and 
aluminium hydroxides greatly increased the ability of the filters to adsorb viruses (Farrah 
and Preston 1985). Other filters composed of fibreglass have been coated with a cationic 
polymer (polyethyleneimine) by Preston et al. (1988). These filters were found to adsorb a 
greater percentage of coliphages and enteroviruses than the untreated filters. Currently, 
electropositively charged filters are frequently used for concentrating enteric viruses from 
large volumes of water, such as, Zeta Plus S-series and 1MDS electropositive filters from 
Cuno and N66 Posidyne electropositive filters from Pall Corporation. However, these filters 
are relatively expensive with US $150–180 per filter and they may be used up to only three 
times (Cashdollar and Dahling 2006).  
Chen et al. (2006) reports the surface modification of silica particles with functional 
amino (NH2) groups with the goal of producing low-cost materials with which to 
concentrate viruses from large volumes of water. These positively charged amino-
functionalised silica particles showed enhanced virus capture of 99.1 and 96.6% for the 
phages MS2 and PRD1, respectively, as compared to 13.3 and 9.0% removal with bare 
silica. The experiments were performed in nutrient broth at pH 7. The authors explained 
the improved removal with intermolecular electrostatic attractions and specific interactions, 
such as hydrogen bonding between the viruses and functionalised amino groups. The 
maximum adsorption capacity obtained was 2*104 PFU/mg. 
Also, ion exchange resins have been investigated as viral removing agents with 
which to concentrate viruses by Trilisky and Lenhoff (2007). They selected two strong 
anion exchange resins. These two resins were distinguished by different internal pore 
diameters of 12 and 400 nm. In the case of the latter, the virus used in the study 
(Adenovirus type 5 with a diameter of 80 nm and an IEP=4.5) had only limited access to 
the internal resin. Hence, both resin types had similar capacities of about 5 g viruses/l 
packed resin (~1013 viruses/ml packed resin), which is low if compared to a small protein 
(ovalbumin) that showed > 100 g ovalbumin/l packed resin. However, this is the largest 
virus uptake capacity reported so far. The adsorption is in contradiction with the 
electrostatic theory but could be explained with a strong hydrophobic attraction between 
the polymeric resin and hydrophobic groups of the virion. 
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IV.I.II  Improved virus adsorption in filtration 
The transport of bacteriophage PRD1 in groundwater through a natural sand aquifer was 
studied by Ryan et al. (1999). The surface of the aquifer grains were partly coated with 
clay minerals and amorphous ferric oxyhydroxides.  potentials measured for these grains 
with heterogeneous surfaces were negative, indicating that the positively charged patches, 
originating from ferric oxyhydroxides and clay mineral edges, must have covered only a 
small fraction of the grain surface. The authors attributed the observed attachment of the 
phage to such positively charged sites in the aquifer. When NaOH was injected to reverse 
the charge on the aquifer, the phages were released, indicating that electrostatic forces 
dominated the attachment of PRD1 to theses aquifer grains.   
You et al. 2005 used iron particles to study the removal of phages MS2 and  in 
batch and column experiments. Both viruses were found to adsorb to the particles in an 
artificial groundwater at pH 7.5 whereas MS2 showed a higher adsorption rate compared 
to the phage  in the batch experiment. The elution of both adsorbed viruses was low with 
similar recoveries for MS2 and  of 0.1%, indicating that the phages were either 
irreversibly adsorbed or rendered non-infectious. In columns filled with a mix of sand and 
iron, particles both phages were retained at 4 LRV. After virus-free artificial groundwater 
was continuously pumped through the filtration bed for 10 days (=320 pore volumes), 
another retention test showed even improved removal of the phages by 5 LRV. The 
authors attributed virus adsorption to surface phases on the iron induced by corrosion. 
Initially, iron forms amorphous iron hydroxide which than transforms into more stable 
oxyhydroxides, such as magnetite or goethite depending on the solution and redox 
conditions. 
Also, nano-sized fibres, composed of boehmite, implemented on glass fibre filter 
material have been shown to remove MS2 phages up to 99% at neutral pH. The fibres are 
approximately 2 nm wide and 200 to 300 nm in length with an IEP of 9.4 and a specific 
surface area up to 500 m2/g. The technology is already on the market as the so-called 
Disruptor from Ahlstrom (Komlenic 2007). 
Wegmann et al. (2008a, b) have used commercially available filter candles based 
on DE and coated the internal surface of these filters with positively charged nanoparticles 
of amorphous yttrium and zirconium oxyhydroxides. The nanoparticles shifted the IEP of 
the filter from pH 2 to pH 9 and significantly increased the specific surface area. The 
modified filters were capable of removing the bacteriophage MS2 up to 7 LRV at pH 9 in 4 
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mM NaCl and provided a retention of LRV > 4 in tap water in the presence of 1 mg/l humic 
acid over effluent volumes greater than 150 litres at high flow rates of 60 l/h at 3 bar. Also, 
the electrostatic forces appeared to account for increased virus retention. However, the 
coating of the filter was released during flow, indicating an insufficient fixation of the 
nanoparticles on the filter surface. 
The modification of the surface charge of a negatively charged glass fibre cartridge 
was shown by Gutierrez et al. (2009). They coated the fibres by in situ precipitation of 
hematite (Fe2O3) nanoparticles. The adsorbent had an IEP=6.9 and a specific surface area 
of 80 m2/g. These particles showed maximum adsorption capacities in 1 mM NaCl at 
neutral pH of 2.5*1011 PFU/g and 8.9*106 FFU/g (FFU: focal forming unit) in a batch 
sorption experiment with MS2 and Rotavirus, respectively. Virus adsorption was 
decreased in the presence of bicarbonate ions and natural organic matter. This was 
explained by the affinity of iron oxide particles for these competitors. In flow-through 
experiments, the modified cartridges possessed high viral removal (> 4 LRV) unless 
breakthrough occurred. The authors used DLVO calculations which revealed energy 
barriers up to 59 kT for most of the experimental conditions studied, indicating that the 
calculations did not describe the experimental results. Elution of prior adsorbed viruses 
onto hematite revealed only a small fraction of infectious Rotavirus in comparison to MS2, 
possibly due to structural damage to the capsid when interacting with hematite. The study 
suggests that such filters could be used as a POU device for virus removal in drinking 
water treatment. 
The retention of bacteriophages MS2 and as well as the human pathogenic Aichi 
virus in columns filled with sand, goethite coated sand and aluminium oxide coated sand 
was investigated by Attinti et al. 2010. They observed only little retention (< 11 %) of all 
viruses on clean sand but recorded a significant improvement of 4 to 6 LRV with coated 
sands in artificial groundwater at pH 7.5. Among the viruses, adhesion on goethite- and 
aluminium oxide-coated sands followed the order of MS2 > Aichi > . These results were 
consistent with adhesion force measurements using an atomic force microscope which, for 
instance, revealed average forces for MS2 of 19, 9 and 0.5 nN for aluminium oxide coated, 
goethite coated and clean sand, respectively. Strong electrostatic, and, to a lesser extent, 
hydrophobic interactions were proposed to be responsible for the significant improvement 
in virus removal on the modified sands. X-DLVO calculations provided qualitative correct 
predictions on the adsorption trends observed. 
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IV.II  The electrostatic enhanced adsorption approach 
Based on the aforementioned literature, the surface charge of both the virus and the 
adsorbent appear to control the adsorption process to a large extent. Improved virus 
removal has been reported with materials that carry a positive surface charge. One of the 
objectives of this thesis is to investigate virus retention in ceramic filter candles based on 
DE according to the electrostatic enhanced adsorption approach, proposed here. This 
approach implies that virus adsorption is improved wherever virus and adsorbent carry 
oppositely charged surfaces. Since most viruses have a negative surface charge in natural 
waters (Chapter V.I.III), as do commonly applied filter media (e.g. sand or DE), it has not 
been evaluated if positively charged viruses would adsorb to such negatively charged filter 
surfaces. This is a reasonable issue because there are viruses with an IEP around pH 7, 
for instance the Poliovirus, which may carry a positive surface charge in natural waters. 
According to the electrostatic enhanced adsorption approach, a filter with which to 
capture positively and negatively charged viruses must provide a heterogeneous surface 
that bears surface charges of both signs. Thus, this study investigates the modification of 
DE-based depth filters and their improved virus capture. Thereby, an ideal adsorbent is 
introduced into the filter candle that provides positive charges for negatively charged 
viruses. This is schematically shown in Figure IV-2. However, other forces, such as 
hydrophobic, van der Waals and hydrogen bonds may also contribute to cause virus 
adsorption as outlined above. For that reason, attempts were made to verify the influence 
of various forces on adsorption using DLVO and X-DLVO theory. 
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Figure IV-2. Scheme on the electrostatic enhanced adsorption approach.
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V.I  Literature review 
Viruses exist wherever life is found. They are a major cause of mortality, a driver of global 
geochemical cycles and a reservoir of the greatest genetic diversity on Earth (Suttle 2005). 
What distinguishes viruses from other microorganisms is the fact that they rely on a host 
for replication. They can replicate in hosts of kingdom plantae, bacteria and animalia. 
Viruses that infect only bacteria are known as bacteriophages.  
V.I.I  Structure and morphology 
The virion, a single virus particle, consists basically of nucleic acids and a number of 
protein units, the so-called capsomeres, which surround the genetic code for its protection. 
This cover is known as the capsid (or the coat protein) and may have one of the following 
morphologies: helical, icosahedral or complex. One also distinguishes between enveloped 
and non-enveloped viruses: for the latter, the surface properties of the virion are 
determined by the capsid. In the case of enveloped viruses, the virion possesses an 
additional hull that is derived from the host cell and consists of proteins and lipids, and the 
interface of the envelope determines the surface properties. Figure V-1 sketches 
enveloped and non-enveloped virions with icosahedral capsids. 
nucleic acid
capsomere
capsid
non-enveloped
virion (naked) enveloped virion
  
Figure V-1. Scheme of virus structure. 
 
Viruses can show various morphologies such as filamentous, icosahedral, 
spherical, brick-shaped, complex and so on; with diameters as small as to 18 nm (Schlegel 
1992). Viruses are classified by the International Committee on Taxonomy of Viruses 
(ICTV), which aims towards a universal hierarchical system of order, family, subfamily, 
genus and species. According to the ICTV report in 2009, a total of 2288 virus species 
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have been recognised so far, not considering the various strains, variants, types, sub-
types and serotypes found within a single species (ICTVdB 2009). 
V.I.II  The viral life cycle 
Viruses are obligate intracellular parasites. They enter host cells, use host cell machineries 
to replicate their genome and synthesise their proteins to produce progeny viruses that are 
released into the extracellular environment. A classical viral life cycle can be divided into 
stages as sketched in Figure V-2 for a eukaryotic cell. 
 
Figure V-2. Scheme of the viral life cycle in a eukaryotic cell (from Villanueva et al. 2005). 
 
The very first step in the life cycle requires the attachment of the virion on the cell 
surface. Viruses can bind to a variety of molecules found on the membrane of the host. 
The interactions range from non-specific attachment to low-affinity sites, to specific binding 
to high-affinity receptors. Binding to a specific receptor, or multiple receptor-binding 
events, leads to the virus entry. In contrast, non-specific sites are not capable of directly 
inducing virus entry; however, they provide initial docking sites, which accumulate viruses 
in the vicinity of the cell surface, based on electrostatic attractions, and facilitate 
interactions with specific receptors (Villanueva et al. 2005). Bacteriophages, for example, 
can be divided into groups based on their specific receptors that initiate the entry to host 
cells. Phages that bind to particular components of the cell wall are referred to as somatic 
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phages. In contrast, F-specific phages attach to fertility fimbriae (sex-pili) which are 
filamentous appendages protruding from bacterial cell walls (Leclerc et al. 2000). 
The mechanisms of penetration (entry) of non-enveloped viruses are less 
understood than those of enveloped viruses. They probably involve the lysis of the 
membrane or the formation of a pore-like channel. As for enveloped viruses, the 
penetration step of non-enveloped viruses is triggered by cellular signals, such as specific 
receptor binding or acid environment. At low pH, viral proteins may undergo 
conformational changes that initiate the entry of many viruses. The reader is referred to 
recent reviews on this topic by Smith and Helenius (2004), Dimitrov (2004) and Villanueva 
et al. (2005).  
After successful entry, the virus must deliver its genetic information to the complex 
machinery inside the cell for the replication and translation of nucleic acids to produce 
capsomeres that, following virus assembly, make up the coat protein of the progeny virion. 
In the case of virulent bacteriophages, this process often leads to cell death by breaking of 
the cellular membrane, causing the contents to spill out, termed lysis. On the other hand, 
temperate phages may not undergo a lytic cycle. They may introduce their genetic 
information into the host’s genetic code where the virus is present, but latent, as a so-
called prophage. Prophages may become virulent after triggering events take place 
caused by exposure of the host cell to stress situations (e.g. UV light, temperature shift) 
(Schlegel 1992, Calender 2006). The genetic information of viruses has also been 
detected in the genome of humans (and other mammals). In the human genome, at least 
8% of the total DNA originates from viruses (Retroviruses and Bornavirus) which is 
suspected to have had influence on mutation and hence evolution in humans (Horie et al. 
2010). 
V.I.III  Human pathogenic viruses in the aquatic environment 
Approximately 10% of the known virus species have been found to be harmful to humans, 
according to a comprehensive literature review by Taylor et al. (2001). As shown 
previously in Table I-1, a total number of 219 virus species may be harmful to humans of 
which 48 species have the potential to infect humans via the water route worldwide (US 
EPA 2009). Thus, more than 20% of all human pathogenic viruses may be waterborne. 
These 48 viruses are listed in Table V-1 where the classification and morphology of the 
virus is given in accordance with the ICTV. 
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Table V-1. Human pathogenic viruses in the aquatic environment 
Family - Genus Species Morphology IEP(s) 
Adenoviridae - Mastadenovirus Human adenovirus A Non-enveloped, icosahedral, d=80-100 nm  
 Human adenovirus C Non-enveloped, icosahedral, d=80-100 nm 4.5 
 Human adenovirus F Non-enveloped, icosahedral, d=80-100 nm  
Arenaviridae - Arenavirus Guanarito virus Enveloped, spherical, d=60-300 nm  
 Lassa virus Enveloped, spherical, d=60-300 nm  
 Machupo virus Enveloped, spherical, d=60-300 nm  
 Sabia virus Enveloped, spherical, d=60-300 nm  
Astroviridae - Mamastrovirus Human astrovirus Non-enveloped, spherical, d=28-30 nm  
Bunyaviridae - Hantavirus Andes virus Enveloped, spherical, d=80-120 nm  
 Dobrava-Belgrade virus Enveloped, spherical, d=80-120 nm  
 Hantaan virus Enveloped, spherical, d=80-120 nm  
 Laguna Negra virus Enveloped, spherical, d=80-120 nm  
 Puumala virus Enveloped, spherical, d=80-120 nm  
Bunyaviridae - Nairovirus Crimea-Congo haemorrhagic    Enveloped, spherical, d=80-120 nm  
Bunyaviridae - Phlebovirus Rift Valley fever virus Enveloped, spherical, d=80-120 nm  
Caliciviridae - Norovirus Norwalk virus Non-enveloped, icosahedral, d=23-40 nm 5.5 to 6 
Caliciviridae - Vesivirus Swine vesicular disease virus Non-enveloped, icosahedral, d=23-40 nm  
Filoviridae - Ebolavirus Cote d'Ivoire ebolavirus Enveloped, filamentous, d=80 nm, l=1400 nm  
 Reston ebolavirus Enveloped, filamentous, d=80 nm, l=1400 nm  
 Sudan ebolavirus Enveloped, filamentous, d=80 nm, l=1400 nm  
 Zaire ebolavirus Enveloped, filamentous, d=80 nm, l=1400 nm  
Flaviviridae - Flavivirus Royal Farm virus/Karshi virus Enveloped, spherical, d=35-40 nm  
 Sepik virus Enveloped, spherical, d=50 nm  
 Zika virus Enveloped, spherical, d=50 nm  
Paramyxoviridae - Henipavirus Hendra virus Enveloped, spherical, d > 150 nm  
 Nipah virus Enveloped, spherical, d > 150 nm  
Paramyxoviridae - unassigned Menangle virus Enveloped, d > 60 nm  
Picornaviridae - Enterovirus Human enterovirus A Non-enveloped, spherical, d=30 nm  
 Human enterovirus B Non-enveloped, spherical, d=30 nm 4 to 6.4* 
 Human enterovirus C Non-enveloped, spherical, d=30 nm 4.8 and 6.1* 
 Human enterovirus D Non-enveloped, spherical, d=30 nm  
 Poliovirus Non-enveloped, spherical, d=30 nm 3.8 to 8.2* 
Picornaviridae - Hepatovirus Hepatitis A virus Non-enveloped, spherical, d=30 nm 2.8 
Poxiviridae - Yatapoxivirus Tanapox virus Enveloped, brick-shaped, 250x200 nm  
 Yaba monkey tumour virus Enveloped, brick-shaped, 250x200 nm  
Poxviridae - Orthopoxvirus Vaccinia virus Enveloped, brick-shaped, 250x200 nm 2.3 to 5.1 
 Cowpox virus Enveloped, brick-shaped, 250x200 nm 4.3 to 5.4 
 Monkeypox virus Enveloped, brick-shaped, 250x200 nm 3.4 to 6.5 
Reoviridae - Rotavirus Rotavirus A Non-enveloped, icosahedral, d=80 nm  
 Rotavirus B Non-enveloped, icosahedral, d=80 nm  
 Rotavirus C Non-enveloped, icosahedral, d=80 nm 4.5 
 Rotavirus D Non-enveloped, icosahedral, d=80 nm  
 Rotavirus E Non-enveloped, icosahedral, d=80 nm  
 Rotavirus F Non-enveloped, icosahedral, d=80 nm  
Rhabdoviridae - Lyssavirus Duvenhage virus Enveloped, bullet-shaped, 180x75 nm  
 European bat lyssavirus 1 Enveloped, bullet-shaped, 180x75 nm  
 European bat lyssavirus 2 Enveloped, bullet-shaped, 180x75 nm  
Togaviridae - Alphavirus Sindbis virus Enveloped, spherical, d=65-70 nm  
Isoelectric point (IEP); Diameter (d); length (l); * indicates viruses for which two IEPs have been detected. 
IEPs are taken from Michen and Graule (2010). 
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Enteric viruses are potential pathogens that are present in the gastrointestinal tract 
where they multiply and are shed with the faeces into the environment. They are relatively 
stable in the aquatic environment, usually have no envelope, and show icosahedral or 
spherical geometries with diameters ranging from 23 to 100 nm. Enteric viruses have been 
frequently detected in the effluent of wastewater treatment plants, also in industrialised 
nations (Wyn-Jones and Sellwood 2001). This is a potential source for the contamination 
of natural surface waters that are used for the drinking water supply all around the world. 
The most important enteric viruses in the context of waterborne diseases are the following: 
Poliovirus, Coxsackievirus and Echovirus, which belong to the genus Enterovirus, and may 
cause a variety of symptoms including paralysis, meningitis and fever. Gastrointestinal 
diseases are caused by Norwalk virus, Human astrovirus, Rotavirus and Adenovirus. 
Hepatitis is also likely transmitted via water, especially Hepatitis A virus and Hepatitis E 
virus (Wyn-Jones and Sellwood 2001). Another human pathogenic virus that might be 
transmitted through water is the SARS-Coronavirus (SARS: Severe acute respiratory 
syndrome), which has been shown to remain infectious in water for several days 
(Casanova et al. 2009; Gundy et al. 2009). 
Viruses as well as other colloids may possess a surface charge in polar media such 
as water. This is in accordance with the Gouy-Chapman-Stern model as described in 
Chapter III.I. In the case of enteric, non-enveloped viruses, the functional groups of the 
coat protein determine to a great extent the net surface charge of the virion. This 
electrostatic charge has an impact on the mobility of the soft particle in an electric field and 
thus governs its colloidal behaviour which plays a major role in virus sorption processes. In 
view of that, the IEP of a virus is a crucial value which at first glance gives an idea about 
the virus’ surface charge and, as a consequence of the electrostatic enhanced adsorption 
approach, informs on its sorption behaviour. IEP measurements of viruses have recently 
been reviewed in this framework (Michen and Graule 2010). Unfortunately, 80% of the IEP 
values of water-relevant viruses, as listed in Table V-1, remain unknown. Moreover, 
comparing values reported in literature has revealed a deviation of up to 4.8 pH units in the 
IEP of a single virus species. Another interesting finding by Mandel (1971) was the co-
existence of two IEPs within a single virus stock of Poliovirus. This prompted him to 
assume that the virus can exist in two different but interconvertible states. This finding has 
been confirmed with IEP measurements in the genus of enterovirus (see Table V-1). All 
these facts indicate the potential for drawing false conclusions considering the 
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mechanisms of virus adsorption, when IEP values from literature are used to explain virus 
adsorption behaviour.  
The deviation in the IEP measurements of a single virus species, however, can be 
explained by the consideration of the following aspects. First, the differentiation in virus 
strains (or mutants), is probably due to variations in the functional groups in coat proteins 
among strains as schematically shown in Figure V-3 (a) and (b). Here, two protein 
segments, which are exposed towards the water phase, are compared. The segments are 
characterised by a different number of certain functional groups. While in (a) the 
deprotonated carboxyl groups are superior, in (b) these negatively charged groups are 
balanced out by a relatively higher number of protonated amino groups. Assuming a 
neutral environmental pH and that only these segments make up the entire coat protein of 
the virus, (a) shows a coat protein which belongs to a virion having an IEP in the acid 
range, whereas, the sketch in (b) refers to a virion that possesses an IEP at neutral pH. 
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Figure V-3. Coat protein segments and their functional groups sketched at neutral pH. 
 
Insufficient purification of the virus stock prior to the measurement may lead to the 
determination of artefacts when the detectable concentration of impurities is higher than 
the one for the viruses. On the other hand, even a low concentration of impurities that 
carry a surface charge might interact with the virus’ surface via specific adsorption as can 
be seen from Figure V-3 (b) and (c): both schemes have the identical coat proteins, 
whereas in (c) two positively charged amine groups have been neutralised by the specific 
adsorption of a hydrogen phosphate ion (marked with the grey circle). This interaction 
leads to a relative decrease in the virion’s IEP when compared with (b) and demonstrates 
the water chemistry dependence of IEP as outlined in Chapter III.I.  
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Also, diversity in host cells may alter the IEP for enveloped viruses, presumably 
since their envelope is often made up from host material. Furthermore, the detection 
methods as well as the temperature at which the reading is conducted are potential 
sources for the scattering of IEP values, not only for viruses. 
The aforementioned review of virus IEPs resulted in 152 values from the literature, 
which underwent a screening procedure in order to find one representative IEP value 
(sometimes two in the genus of the enterovirus) for each virus strain. Finally, 115 IEP 
values were obtained that emerged in the pH range from 2.1 to 8.3, whereas most 
frequent values appear in the region from 3 to 7. The data are displayed in Figure V-4 as a 
histogram and fitted with a Gaussian function revealing a mean value of 5.0 and a 
standard deviation of 1.3 (Michen and Graule 2010). 
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Figure V-4. Histogram of the frequency of virus IEPs reported in the literature (Michen and Graule 2010). 
 
V.II  Experimental 
V.II.I  The choice of viruses for adsorption studies 
There are several reasons arguing for the use of bacteriophages as surrogates for human 
enteric viruses in the evaluation of adsorption mechanisms, including the fact that cell 
culturing of human pathogenic viruses requires a specialised laboratory with a high level of 
safety, therefore making the verification of infectivity expensive and time-consuming, and 
since bacteriophage assay conditions are much simpler and cheaper than any of the 
enteric virus detection methods (Leclerc et al. 2000). Further, the reduction of phages can 
Chapter V 
47
 
be correlated with that of human enteric viruses in wastewater treatment plants (Baggi et 
al. 2001). Also, bacterial viruses are at least as long-lived as the enteric viruses (Leclerc et 
al. 2000). Hence, bacteriophages are suitable for use as surrogates for enteric viruses 
(Arraj 2005). 
In this study, a model for enteric viruses was sought which possesses comparable 
properties to human pathogens. Thus, the bacteriophage needs to be non-enveloped with 
a diameter between 23 to 100 nm. However, a smaller model would minimise the size 
exclusion effect which may contribute to virus removal in porous material. As shown in 
Table V-1, the range in which the IEPs of human enteric viruses are found is about the 
same as for all viruses that have been measured (reviewed viruses: 2.1 < pH < 8.3, enteric 
viruses: 2.8 < pH < 8.2). In order to represent the spectra of virus IEPs, it is logical to 
select at least two kinds of bacteriophages that have different IEPs, one with an acid IEP 
and another possessing a net zero charge in the neutral pH range. Moreover, this is 
beneficial for verifying the hypothesis of electrostatic enhanced adsorption. The 
dimensions of the two phages must be similar in order to exclude the possibility that the 
difference in phage retention is due to deviations in their size. In this way, the evaluation of 
the effect of the virus’ surface charge on the adsorption is thought to be feasible. A rather 
practical criterion for the selection of the surrogates is the specific virus-host interaction: 
two types of bacteriophages which cannot infect and replicate in the same host bacteria 
would permit the simultaneous detection in a single water sample. 
Addressing the above evaluated criteria, two bacteriophages, namely 
Enterobacteria phage MS2 (MS2) and Enterobacteria phage X174 () have been chosen 
to investigate virus adsorption in this work. Both viruses are coliphages, i.e. they infect 
host bacteria of the species Escherichia coli (E. coli). However, the phages specifically 
infect two different E. coli strains. The phages’ properties are summarised in Table V-2. 
Figure V-5 illustrates the morphology of both viruses based on computational analysis of 
X-ray data (ViperDB 2010). The bacteriophages MS2 (DSM 13767) and  (DSM 4497) 
were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, 
Germany). A few studies have been carried out which also used the combination of MS2 
and  in virus adsorption studies (Jin 1997; Jin et al. 2000; You et al. 2005; Zhuang and 
Jin 2008; Brown and Sobsey 2009).  
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Table V-2. Properties of the bacteriophages MS2 and  
 MS2  
Family 1 Leviviridae Microviridae 
Genus 1 Levivirus Microvirus 
Species 1 Enterobacteria phage MS2 Enterobacteria phage X174 
Nucleic acid 1 ssRNA ssDNA 
Host 2 E. coli; F-specific E.coli, Salmonella typhimurium; somatic 
Burst size * 3 100 - 20,000 73 - 441 
Morphology 1 Non-enveloped; icosahedral d≈25 nm Non-enveloped; icosahedral d≈26 nm 
Molecular weight  (Mega Dalton) 4,5 3.6 6.2 
IEP [mean ± standard deviation] 6 3.5 ± 0.6  6.2 ± 1.6 
References: 1 ICTVdB 2009; 2 Leclerc et al. 2000; 3 Ackermann and DuBow 1987a; 4 Overby et al. 1966;  
5 Sinsheimer 1959; 6 Michen and Graule 2010. * Burst size: A measure of viral replication expressed as 
infectious units generated per infected cell. For example, a burst size of 1,000 would indicate that 1,000 
progeny viruses were generated by each initially infected cell.  
 
 
Figure V-5. Computational picture of bacteriophages MS2 (left) and  (right) (ViperDB 2010). 
 
V.II.II  Propagation and enumeration of the bacteriophages 
The methods used in this study with which to culture phage stocks and quantify phage 
concentrations are based on the standard methods of the International Organisation for 
Standardisation (ISO) for the enumeration of F-specific and somatic coliphages (ISO 
10705-1/2). The methods have been adapted in collaboration with the microbiological 
laboratory of Bachema AG (Schlieren, Switzerland). These methods are capable of 
detecting infectious bacteriophages by the lysis of their hosts that were grown in the Petri 
dish. Thanks to their specific phage-host interaction, the choice of host strain in the lawn 
determines whether MS2 or  is detected in the Petri dish. 
As bacteriophages propagate only in growing cells (in the exponential phase of 
bacterial culture) (Schlegel 1992), the propagation medium must cover the demand for 
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nutrients of the bacterial host. In this study, a commercially available complex medium, 
tryptic soy broth (TSB) (Oxoid, UK), was used to grow bacteria in 30 g/l of sterile TSB at 
37°C either in an incubator or in a shaking water bath. This complex medium contains 
dissolved (e.g. salts) and low molecular agents (e.g. amino acids) that have the potential 
to interact with the virus’ interface via specific adsorption and hence may alter the surface 
charge of the virus as described in Chapter V.I.III. Another potential contaminant in the 
virus stock is cell debris originating from the host. Therefore, it is necessary to remove 
such agents from the virus suspension as such contaminants may influence the surface 
characteristic of the surrogates. This has been proposed by Michen and Graule (2010) and 
was experimentally confirmed by Mesquita et al. (2010), who found that the measured 
phage particle size and electrophoretic mobility may be influenced by the presence of 
bacterial debris adsorbed to phage particles. 
In addition to high-purity phage stock, the electrophoretic characterisation of the 
bacteriophages (which measures the surface charge, see Chapter V.II.III) requires 
suspensions containing a minimum phage concentration in order to enable the detection of 
phages by light scattering. The phage concentration is hereafter referred to as the phage 
titre and is expressed in plaque forming units (PFU) per unit volume. The desired titre for 
MS2 and  is thought to lie in the range of 109-1012 PFU/ml, as such values have been 
reported for similar-sized viruses in the literature using comparable or identical 
measurement techniques (Mesquita et al. 2010, Langlet et al. 2008, Yuan et al. 2008, Suci 
et al. 2005). Hence, the propagation method has been modified introducing purification 
steps in order to obtain high-purity and high-titre phage stocks that allow the colloidal 
characterisation of the phages. Before the details of the propagation are described, the 
experimental procedure of the bacteriophages’ enumeration is given with which the 
quantification of phages in a water sample is obtained. 
The enumeration took place by counting plaques on lawns of bacteria in Petri 
dishes. The number of plaques on a Petri dish under consideration of the sample dilution 
leads to the titre determination in PFU/ml. The bacteria strains used for the specific 
enumeration of the phages MS2 and were obtained from the American Type Culture 
Collection (ATCC): E. coli HS(pFamp)R/Famp (ATCC 700891) and E. coli CN-13 (ATCC 
700609) for MS2 and , respectively. Dilution series of the phage suspensions were 
performed in 0.02 M MgCl2/0.15 M NaCl solutions in 10-fold steps. A sample volume of 4.5 
ml, potentially containing phages, was mixed at 25°C with 0.5 ml of phage-specific host 
culture, grown at 37°C for 4 h in TSB, and placed into a water bath at 46°C for a few 
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minutes. Subsequently, 5 ml of a phage-specific nutrient agar (46°C) was added into the 
test tube. The ingredients were mixed prior to pouring them into the Petri dish (9 cm in 
diameter) and finally incubated at 37°C for 12 to 16 h. The concentration of agar may alter 
the enumeration results due to the change in viscosity (Abedon and Culler 2007). 
However, unequal concentrations of agar were chosen for the two phages as the plaque 
size of  and MS2 showed a great variance which made plaque counting impractical at 
identical agar concentrations. Reliable results were obtained for  with 80 g/l tryptic soy 
agar (TSA) (Oxoid, UK), revealing a turbid plaque of a diameter in the range of 3 < d < 10 
mm. MS2 produced even smaller plaques between 1 < d < 5 mm at 40 g/l TSA 
supplemented by 15 g/l TSB to balance the nutrient concentration.  
Whilst in the beginning of the work, all plating tests were carried out in triplicate, 
which is very time consuming, after a certain level of experience had been gained, the 
plating was performed only once with an estimated error of 20%. To assure the test’s 
accuracy, the entire dilution series of the water sample was always plated and evaluated 
for conformity. 
The propagation of bateriophages was carried out using two different strains of E. 
coli obtained from the DSMZ. The two strains were DSM 5210 and DSM 13127 for the 
replication of F-specific phage MS2 and the somatic phage , respectively. All bacterial 
stock cultures produced in this work were grown for 20 h in an incubator at 37°C. From 
these overnight cultures, 100 l of each was inoculated in 50 ml of TSB and incubated in a 
shaking water bath for 4 h at 37°C in order to obtain bacterial working cultures that 
emerged in an exponential growth phase. Such cultures showed typical concentrations, 
expressed in colony forming units (CFU), of about 109 CFU/ml. The growth of the bacteria 
could easily be monitored by the increasing turbidity of the bacterial suspension over time. 
So far, the procedure reported remains identical for any propagation method applied. With 
the goal of removing contaminating agents from the future virus stock, two principal 
approaches have been used with which to modify the propagation procedure.  
Washing: The host culture was washed to remove low molecular agents of the complex 
TSB medium in which the bacteria had been grown. To do this, the 4 h culture was 
centrifuged (4500 rpm, 30 min) and the greenish-yellow supernatant was discarded. The 
bacteria were re-suspended in 50 ml salt solution with 0.02 M MgCl2 and 0.15 M NaCl and 
placed back into the water bath at 37°C. 
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Dialysis: This step may be added following the actual propagation procedure. The virus 
stock was dialysed using a simple ready-to-use device equipped with a 100 kDa cellulose 
ester membrane (Float-A-Lyzer G2, Spectrum Laboratories Inc., USA) that also enabled 
the removal of dissolved salts. Therefore, 10 ml of virus stock were subsequently dialysed 
twice against 1000 ml of pure water (or any another type of dialysate) for 5 days at 4°C.  
The host cultures, washed or not, contained about 109 CFU/ml as no loss of 
bacterial vitality was observed following the washing step (data not shown). Where no 
washing procedure was introduced, the concentration of Mg ions was adjusted to 0.02 M 
(with MgCl2) in order to provide a comparable concentration of divalent ions in washed and 
non-washed propagations. Next, the bacteriophages were added at 37°C for MS2, and at 
37°C as well as at 46°C for . The phage/bacterium ratio was adjusted to be close to unity. 
Further incubation for 3-4 h lead to virus stocks with titres of up to 7*1011 PFU/ml. Any 
virus stock was cleared of bacterial debris by filtration through sterile 0.45 and 0.2 m 
syringe filters. Finally, aliquots of virus stocks were stored at 4°C.  
To assess the purity of virus stocks, the suspensions were subjected to phage 
enumeration as well as to determine the total organic carbon (TOC) content in mg TOC/l. 
Pooling these values together introduced “relative purity”, which referred to the 
concentration of phages divided by the TOC concentration, given in PFU/mg TOC. The 
relative purity enabled the evaluation of the virus stock’s purity; however, it was 
constrained by organic impurities such as those present in the TSB. 
The TOC was determined by chemical oxidation of organic carbon with 
peroxodisulfate and subsequent IR detection of CO2 with a Phoenix 8000 DOC/TOC 
Analyser (Teledyne Tekmar, US). The quantification range of this method is from 0.01 to 
2.5 mg/L. Concentrations of TOC higher than 1 mg/L were measured by thermal oxidation 
with a TOC-5000A (Shimadzu, Japan). 
V.II.III Characterisation of bacteriophages 
The surrogates were characterised in terms of their morphology using transmission 
electron microscopy (TEM). Images were obtained at 100 keV using a Philips CM30 
microscope of stained phages on a copper grid with a carbon film (Plano GmbH, DE). A 
drop of phage suspension was pipetted onto Parafilm. Subsequently, the copper grid was 
carefully placed on top of the drop in order to adhere phages to the carbon film over a few 
minutes. Following, the grid was removed and immediately placed onto a drop of staining 
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solution (2% of phosphotungstic acid, Plano GmbH, CH, adjusted to pH 7.2 with 0.1 M 
NaOH) for 1 to 2 min. The low-contrast of proteinaceous matter in TEM requires such 
negative staining, in which the accumulation of heavy metals (e.g. tungsten) at the viral 
surface takes place and thus allows the examination of the microorganisms by TEM. 
The size of virus particles in suspension was investigated by dynamic light 
scattering (DLS) with which the hydrodynamic diameter (dHydro) could be determined. The 
size of particular matter in water may differ from the dry state which was investigated by 
TEM. This is because of EDL at the interface of the solid as described in Chapter III.I and 
illustrated in Figure V-6. The virus, or any other particulate matter, plus the EDL thus make 
up the dHydro. With the use of a Zetasizer Nano ZS (Malvern Instruments, UK), the 
scattered laser light (He-Ne; =633 nm) of the illuminated sample was recorded by an 
avalanche photodiode detector located 173° relative to the laser source so that back-
scattering was ensured. Thanks to the Brownian motion of the particles, the intensity of the 
scattered light fluctuated with time. This DLS equipment recorded an intensity correlation 
curve from which the diffusion coefficient (D) as well its distribution could be calculated. 
Knowing D, the dHydro could be computed with the help of the Stokes-Einstein equation (eq. 
V/1), where  refers to the viscosity of the solution (water). Experiments were driven by 
Dispersion Technology Software (Version 5.03), which gave particle size distributions 
(PSD) expressed as percentage fraction of intensity as a function of particle size. 
Additionally, the software calculated the dHydro based on the assumption that the sample 
showed a monomodal distribution. 
  
Hydrod
Tk
D 
 3            (eq. V/1) 
 
The surface charge of the phages in terms of the zeta potential () was determined 
using a microelectrophoresis system which was incorporated into the Zetasizer Nano ZS. 
The movement of charged particles in an alternating electrical field was determined by the 
frequency shift between a reference laser beam and the light which was scattered by the 
charged particles (Doppler Effect). Based on the frequency shift, the particle’s velocity () 
could be determined. The electrophoretic mobility (E) of the particles could be calculated 
under consideration of the applied electrical field (E), eq. V/2. The E could be converted 
into the  with the help of the equation derived by Henry (Shaw 1992) (eq. V/2, term on the 
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right hand side). This takes into account the electric permittivity of a vacuum (0), the 
relative permittivity of the suspension media (r), the viscosity of the suspension () as well 
as the Henry function (f(a)), with a as the particle radius and  as the Debye-Hückel 
parameter (see Chapter III.I). f(a) has a value between 1 (Hückel approximation; for a 
<< 1) and 1.5 (Smoluchowski approximation; for a >> 1) (Shaw 1992, Elimelech et al. 
1995, Wall 2010). 
  
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)(2 0 af
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The scheme in Figure V-6 illustrates the principle of an electrophoretic system and 
briefly recalls the composition of the EDL as introduced in Chapter III.I. The EDL is 
basically built up by two layers: the Stern layer is the innermost non-diffusive part which 
may contain specifically adsorbed ions, as well as the diffuse layer in which the electro-
neutrality of the particle is restored. The shear plane in the diffuse layer (greenish) 
indicates the border where near-side charged species appear to be fixed to a moving 
particle in such a measurement. In contrast, the far-side charged species is stripped off 
due to the shear forces induced by movement. Thus, the true surface charge of a colloid 
cannot be determined by electrophoresis as some charged species persist in close 
proximity to the particle’s Stern layer (Wall 2010). The software supplied by Malvern also 
drove the experiments performed here. Clear disposable capillary cells (DTS 1060, 
Malvern Instruments, UK) were used and connected with the autotitrator MPT-2 (Malvern 
Instruments, UK) in order to determine zeta potential () as a function of titrant (e.g. acid 
and base to adjust pH). 
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Figure V-6. Scheme of the experimental determination of the zeta potential () as well as a brief recall on the 
constitution of the electrostatic double layer (EDL). 
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V.III  Results and discussion 
V.III.I  Production of high-titre and high-purity phage stocks 
The standard propagation method carried out at 37°C achieved maximum titres of 7*1011 
and 2*109 PFU/ml for MS2 and , respectively. The logarithmic difference between these 
two virus concentrations was equal to 2.54 log. This was slightly greater than the 
maximum difference of 2.44 log as obtained from the phage-specific burst sizes reported 
in Table V-2. This indicated that higher titres for  may be achieved, possibly by the 
modification of the propagation’s parameters. Virus suspensions, produced by the 
standard propagation method, contained 10,667 ± 516 mg TOC/l that lead to a relative 
purity of 6*104 PFU/mg TOC and 2*102 PFU/mg TOC for MS2 and , respectively. Here, 
the difference was solely related to the maximum titre of the specific bacteriophage. Their 
relative purities, as well as the TOC content of phage suspensions obtained by several 
propagation methods (along with some reference values) are summarised in Table V-3. 
The values of relative purities in the table present the highest values obtained throughout 
this work. 
Table V-3. Phage propagation and corresponding purity assessment of virus stocks 
Method(s) TOC  (mg/l) 
Relative purity MS2 
(PFU/mg TOC) 
Relative purity   
(PFU/mg TOC) 
Standard propagation 10,667 ± 516 6•104 2•102(37°C) 
Washing of host culture 99-890 2•105 2•10
3(37°C)/ 
4•104(46°C) 
Washing of host culture twice 67 9•103 ND 
Dialysis (100 kDa) 44 1•107 2•104(37°C) 
Washing of host culture 
 & dialysis (100 kDa) 9.4 ± 1.7 1•10
6 2•10
4(37°C)/ 
3•105(46°C) 
Reference values: 
-TSB (30 g/l) 
 
-pure water* 
 
11,250 ± 354 
 
0.27 ± 0.03 
  
* Water was purified using the Milli-Q RG system (Millipore, USA); not determined (ND). 
 
The introduction of a washing step in the propagation method at 37°C yielded a 
significant drop in both phage titres, although the reduction in MS2 suspensions was more 
pronounced. By replacing the major fraction of nutrients prior to phage inoculation in salt 
solution, titres of 3*1010 and 4*108 PFU/ml were achieved for MS2 and , respectively. On 
the other hand, the TOC of the washed suspensions could be reduced by 10- to 100-fold. 
The variance of the TOC values, ranging from 99 to 890 mg/l, was dependent on the 
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volume and the TOC content of the virus suspension used for inoculation. Furthermore, it 
also depended on the rest of the volume (about 0.5 ml) of nutrient solution that was simply 
impractical to discharge from the bacterial suspension grown in TSB without taking up 
some fraction of the bacteria. Maximum relative purities of 2*105 and 2*103 PFU/mg TOC 
were achieved for MS2 and , respectively. For both phage types, these values were 
improved by the implementation of a washing procedure. However, the drop in phage titre 
might be regarded as critical, in particular, for the bacteriophage  where the titre declined 
below the benchmark of 109 PFU/ml necessary to be detectable by the Nano ZS 
equipment. This reduction in titre relative to the standard propagation method could be 
explained by the lower content of nutrients in the suspension which hindered bacterial cell 
division. As bacteriophages propagate only in growing cells, the production of viral 
progenies was reduced. 
The trial to wash an already washed host suspension again was successful in 
reducing the TOC further down to 67 mg/l; however, it was accompanied by a large drop in 
titre to 6*108 PFU/ml in the case of phage MS2. This confirmed the necessity of the 
presence of a minimum amount of nutrients for host cell division, which is essential for 
phage multiplication. Washing twice resulted in the lowest relative purity obtained for 
phage MS2. Additionally, the titre of MS2 was below the benchmark under these 
conditions.  
It was noticeable at this point, while working with the bacteriophages in this study, 
that a viral contaminant had been introduced into the suspensions of bacteriophage . This 
contaminant was responsible for the loss of a great amount of data as, after the discovery 
of the viral contaminant, it was not always possible to trace back if the experiments had 
been done either using the phage  the contaminant, or a mixture of both. This was the 
reason why the relative purity of  was not determined. At the end of this chapter, details 
are given concerning the viral contaminant, which has been characterised, and at least 
partly identified. 
A virus stock, prepared according to the standard procedure, was subjected to a 
dialysis step as described before. Still, a slight greenish fluorescent colour remained in the 
phage suspension originating from the nutrient solution. The TOC value was reduced to 44 
mg/l. When the dialysis was carried out at 4°C, the phage titres suffered less reduction, 
approximately by a factor of two, than they did during the washing step. This led to the 
highest value of relative purity for MS2 of 1*107 PFU/mg TOC. When dialysis was carried 
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out at room temperature overnight, MS2 suspensions suffered from an increased titre loss 
of about 1 log unit. Also, for  the relative impurity could be improved compared to the 
previously discussed methods. With a titre of 1*109 PFU/ml and a relative purity of 2*104 
PFU/mg TOC, this was the best result obtained so far in order to provide a viral 
suspension to be characterised by light scattering. However, the phage titre barely fulfilled 
the benchmark and thus may not have given a reliable measurement result. In addition, 
the greenish fluorescent colour of the suspensions may have interfered with 
measurements based on light scattering techniques. A further reduction in total TOC was 
therefore desired.  
The fact that the total TOC content of dialysed and washed suspensions was lower 
than that of a dialysed non-washed suspension indicated a specific limit (44 mg TOC/l) of 
the dialysis process that was determined by the clogging of the membrane. Such clogging 
is known to occur in the presence of organic components and may be enhanced due to 
divalent ions (Greenlee et al. 2009). A repeated dialysis step, using a new membrane, was 
thought to improve the relative purity of a virus stock at the expense of virus titre by a 
factor of four. This could be a promising approach for the purification of MS2 suspensions 
propagated by the standard procedure as such suspensions contain sufficient viral 
particles. However, the application of a second dialysis on  suspensions would decrease 
the titre below the set benchmark. Another point is that the dialysis facility is relatively 
expensive and produces less than 10 ml of each purified suspension. A second dialysis of 
the MS2 suspension was, however, not carried out since the dialysis membrane was not 
available at that time. 
The combination of the two purification processes, washing and subsequent 
dialysis, reduced the TOC further to 9.4 ± 1.7 mg/l. This procedure led to clear 
suspensions but did not further improve relative purities of the virus stocks as shown in 
Table V-3. The titres for MS2 and  were 1*1010 and 2*108 PFU/ml, respectively, which for 
the phage  was not sufficiently high in order to be characterised by laser scattering 
methods. MS2 suspensions, prepared in this fashion, would be promising for 
electrophoretic characterisation. However, a dilution of the MS2 suspension, obtained by 
standard propagation and subsequent dialysis, was an even more promising approach. 
For example, a five-fold dilution in pure water led to a comparable TOC content as was 
found in a suspension obtained by the washing-dialysis procedure. At the same time, non-
washed-dialysed suspensions were superior in relative purity (1*107 PFU/mg TOC) as well 
as in titre (1*1011 PFU/ml, for a five-fold dilution). Hence, diluted MS2 suspensions, 
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prepared by the dialysis of a standard propagated stock were used for the characterisation 
of dHydro and 
A recent paper of Mesquita et al. (2010) addressed the optimal preparation and 
purification of PRD1 and PR772 phages and their use in environmental fate and transport 
studies. They used different propagation methods (liquid and plating procedures) following 
purification steps based on flocculation with polyethylene glycol, vertrel and chloroform. 
This study reported phage titres and organic carbon contents of phage stocks prepared in 
different fashions. The lowest organic carbon content in the phage suspension was 20 
mg/l with a maximum phage yield of 1011 PFU/ml. This is equal to a maximum relative 
purity of 5*106 PFU/mg TOC, which is below 107 PFU/mg TOC that was achieved in this 
work with MS2. The interested reader is referred to the review by Mesquita et al. on 
propagation and purification methods complemented by experimental data. 
The difficulties with bacteriophage . The low titre of phage  stocks was the major 
factor that hampered the production of a suspension with which to experimentally 
investigate bacteriophage’s colloidal characteristics. It was proposed earlier in this section 
that higher titres for bacteriophage  may possibly be obtained by the modification of the 
propagation parameters. This assumption was based on the burst sizes reported in Table 
V-2. According to that, titres in the range of 7*1010 to 4*1011 PFU/ml were expected when 
each of the 109 bacterial cells was infected by a single  virion and all progenies were 
released from the lysed cell. The inoculation of the phages at elevated temperature (46°C), 
showed a significant increase in phage yield. The propagation was undertaken in washed 
host suspensions, as the TOC content needed to be reduced down to a level suitable for 
the characterisation by light-scattering technique. The propagation at 46°C led to  titres of 
6*109 PFU/ml with a relative purity of 4*104 PFU/mg TOC. The subsequent dialysis 
improved the relative purity to 3*105 PFU/mg TOC with a TOC of 8.3 mg/l and a titre of 
3*109 PFU/ml. Hence,  suspensions prepared in this fashion were used to investigate 
their colloidal properties as this was the most suitable virus suspension obtained. 
The residual TOC in the purified virus stocks might be attributed to other ingredients 
than the nutrient solution or the cell debris left from the lysis. For example, the phage 
particles itself, small-sized cell debris, the TOC content of the so-called “pure water” used 
in various purification steps or glycerol leached from the dialysis membrane could have 
contributed.  
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The contribution of the phage particles can be estimated when a carbon content of 
50 wt% for a virion is assumed which is the mean value for the carbon content of proteins 
(Rouwenhorst et al. 1991). Supposing that the number of virions was equal to the number 
of PFUs in the virus stock, the contribution of the phages to the TOC could be calculated 
with the molecular weight of the surrogates listed in Table V-2 and Avogadro’s constant 
(NA=6.02*1023 mol-1) in order to determine the mass of one virion: 6*10-18 g and 1*10-17 g 
for MS2 and , respectively. Titres of 3*1012 and 2*1012 PFU/ml for MS2 and , 
respectively, are equal to the lowest TOC of 9 mg/l determined in purified viral stocks. 
Such high titres were not achieved in this work. On the other hand, the titre, as determined 
by the enumeration, is likely to underestimate the true viral concentration as not all the 
viruses may have infected the host cells (Mattison and Bidawid 2009). It can be also 
presumed that the host-cell machinery was not successful in the assembly of all viral 
building blocks, leaving behind some non-infectious phages which would contribute to the 
TOC content but not to the enumeration.  
A washed MS2 suspension, prior to the dialysis step, was subjected to an additional 
filtration using a well-defined 50 nm membrane (NucleporeTM, track-etched polycarbonate 
membrane 25 mm/0.05 m, Whatman, USA which was clamped in a syringe-compatible 
filter holder; 25 mm Swin-Lock, polypropylene, Whatman, USA and plugged into a syringe) 
in order to assess the possible effect on the TOC content by cell debris occurring in the 
size range smaller than 0.2 m, as such species might not have been removed by the 0.2 
m microfiltration. No significant change in TOC was observed after dialysis when 
compared with a reference. Thus, it was concluded that no major fraction of colloidal 
impurities occurred in the size range of 50 to 200 nm in virus stocks of MS2. 
Glycerol was applied to the membrane by the manufacturer to prevent desiccation. 
All membranes were flushed with pure water several times before use; even so, a certain 
contamination with glycerol cannot be excluded per se. The background concentration of 
TOC in the pure water used for these experiments was 0.27 mg/L C. Wash out of 
polymeric substances from the ion exchange resin, membrane, tube or container was 
probably responsible for the background value. 
This discussion demonstrates the difficulty in providing a pure virus suspension and 
reveals several potential components that may contribute to the TOC residue in the viral 
suspensions. Such contaminations may interact with the virus surface and thus alter its 
surface charge via specific adsorption as introduced in Chapter V.I.III. 
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V.III.II Characteristics of bacteriophages 
Figure V-7 shows a TEM picture of the two surrogates. Both phages with diameters of 27 
and 25 nm for  and MS2, respectively, confirmed the dimensions as well as the 
morphologies as reported in Table V-2 and pictured in Figure V-5. The tungsten appeared 
in high contrast surrounding the phage particle in the TEM image. In this figure, the 
bacteriophage  specific knobs are visible and in the case of MS2, the typical icosahedral 
shape of the capsid can be recognised.   
50 nm
Bacteriophage MS2
Bacteriophage 
Knob
icosahedron
 
Figure V-7. TEM picture of stained bacteriophages (top) and MS2 (bottom). 
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The dHydro of MS2 was determined by DLS measurements of non-washed dialysed 
suspensions, with a relative purity of 9*106 PFU/mg TOC, diluted in 4mM NaCl. Three 
dilutions led to final titres of 1.4*1010, 7*109 and 3.5*109 PFU/ml. Measurements of these 
three different concentrations yielded a mean value with a standard deviation of 
dHydro(MS2)=33.4 ± 1.3 nm. The relatively low standard deviation indicated reproducibility 
of the measurement. The dHydro(MS2) was significantly larger than the viral diameter of 25 
nm as determined in the dry state by TEM. This is in accordance with the formation of an 
EDL. Its thickness  under the experimental conditions could be calculated to be equal to 
4.8 nm (eq. III/1 and eq. III/2). This resulted in a theoretical hydrodynamic diameter (dTh-
Hydro(MS2)) of 34.6 nm that was within the standard deviation of the experimental result of 
33.4 ± 1.3 nm.  
In case of phage  only one reliable measurement at 2.8*109 PFU/ml could be 
performed resulting in a dHydro()=87.9 nm. This value, however, was out of the range of 
expectation as the phage’s diameter of 27 nm was confirmed by TEM investigation. The 
DLS measurement was conducted in the same electrolyte as the phage MS2 (4 mM 
NaCl), thus a comparable 1/ was expected. Clarification was given with the PSD of the 
two phages in Figure V-8. While the scattered intensity of MS2 suspensions revealed an 
almost monomodal PSD, the  suspension showed a bimodal distribution (the relatively 
small peaks, in terms of intensity, at the micron scale found in both samples are neglected 
in this context as those are probably due to contaminants). The smaller peak of the 
bimodal PSD could be attributed to monodispersed  bacteriophages, as the peak position 
corresponded well with the dTh-Hydro()=36.6 nm based on TEM investigation. The second, 
and more pronounced peak, however, may have arisen from either contamination or viral 
aggregation. 
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Figure V-8. Size distributions determined by laser scattering for MS2 (green) and  (red). 
 
Suspended colloidal matter having an IEP near the pH of the suspension media 
tends to form aggregates. This has been shown for the phage MS2 which forms 
aggregates with sizes of a few micrometres for pH ≤ IEP (Langlet et al. 2007). Also for  
reversible aggregation behaviour at close to neutral pH has been reported by Sinsheimer 
(1959) which is in agreement with the reported mean IEP of 6.2 in Table V-2. However, 
Sinsheimer observed these aggregates only in suspensions with high phage 
concentrations greater than 9*1013 PFU/ml and reported their dissociation upon dilution or 
increased pH. Although the pH of the viral stocks produced in this work was in the neutral 
region (pH 6-7) and thus was close to the IEP of , the titres obtained were orders of 
magnitude smaller than those at which aggregation had been observed in the literature. 
Also, it was presumed here that bacteriophage  might be sterically stabilised thanks to the 
knobs that protrude from the viral capsid, as shown in Figures V-7 and V-5.  Moreover, the 
significantly lower relative purity of the  suspension with 3*105 PFU/mg TOC suggested 
the presence of an organic contaminant rather than the formation of viral aggregates. 
Contaminants, possibly originating from bacterial debris, might have been too small to be 
removed in the microfiltration using 0.2 m syringe filters, and too large to diffuse through 
the dialysis membrane with a 100 kDa cut-off. It was thus suspected that the largest peak 
at around 200 nm of  in Figure V-8 could be attributed to contaminants, possibly arising 
from host bacteria. 
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 The  as a function of pH were measured using MS2 and  samples from the same 
stock solution as used for the size measurements. In the case of MS2, the surface charge 
in terms of the  carried a net negative charge in the pH region of most naturally-occurring 
water sources (5 < pH < 9), as shown in Figure V-9. The IEP of MS2 was determined at 
pH 3.5, which is equal to the average IEP value reported in the literature (Michen and 
Graule 2010).  
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Figure V-9. Zeta potential () of suspensions containing bacteriophages MS2 (green) and  (red) as a 
function of pH in 4 mM NaCl. 
 
The sample containing phage  showed a net negative  in the pH range under 
investigation (3 < pH < 10). This was in contradiction with an expected IEP at neutral pH 
as has been frequently reported (Sinsheimer 1959, Aach 1963, Horká et al. 2007, Brorson 
et al. 2008), which would give net positive  at pH < IEP. However, this confirmed the 
previous assumption of the presence of a contaminant. As the scattered intensity of , 
recorded in the size distribution shown in Figure V-8, was largest in magnitude for the 
potential contaminant, this contaminant was expected to determine the signal read for the 
 measurement.  
It is worth mentioning that, although this negative charge of  was in contradiction 
with the abovementioned literature, it was in agreement with other studies which 
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determined the =-35 mV at pH 6.8 (Chattopadhyay and Puls 1999) and =-31.3 mV at pH 
7.5 (Attinti et al. 2010). However, these studies lack details on the purification of the phage 
suspensions prior to measurement. An additional study, which also did not address the 
purification of the  stock, investigated the  as well as the dHydro as a function of pH 
resulting in an IEP()≈2 and dHydro ranging from 70 to 100 nm (Aronino et al. 2009). It is 
thus supposed that those studies, which are in agreement with the results obtained in this 
work, suffer from comparable contamination. 
Due to the fact that no reliable measurements on the surface charge of 
bacteriophage  could be obtained in this work, the most trustworthy work of Aach was 
used in order to obtain  values of the phage. In the work of Aach, the bacteriophages 
were extensively purified and demonstrated an IEP at pH 6.6 in 40 mM acetate buffer 
(Michaelis), which had been determined by the electrophoretic velocity. This velocity can 
be converted to the  using eq. V/2 and assuming f(a)=1.4, as estimated graphically from 
the Henry equation (Shaw 1992) with a=17. The resulting  as a function of pH is 
displayed in Figure V-10. These values were subsequently used in this study to evaluate 
the adsorption mechanisms with (X-)DLVO theory, although the results obtained by Aach 
were conducted in a different buffer media, which may have an influence on the surface 
charge. 
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Figure V-10. Zeta potential values calculated for bacteriophage  as a function of pH, based on Aach 1963. 
Chapter V 
 
64 
V.III.III Detection of a viral contaminant - the ‘Siphophage’ 
While working with bacteriophage  different plaque morphologies in a single Petri dish 
had been noticed, as shown in Figure V-11. The larger plaques appeared turbid whereas 
the smaller ones were clear. The white dots found inside the larger plaque were 
responsible for the turbid appearance and arose from phage-resistant bacteria colonies. 
As such colonies were found in a random fraction of plaques in a single Petri dish, this 
may have indicated that two different virus types were present which possessed diverse 
phage-host behaviour. Further, these two morphologies could be correlated with 
differential retention behaviour in filtration units which led to the hypothesis that two virus 
types were present in the stock.  
Siphophage
1 mm
 
Figure V-11. Different plaque morphologies found in contaminated  virus stocks. 
 
Plaques of both morphologies were isolated from a single Petri dish and propagated 
independently to obtain pure virus stocks containing either of the two virus types. When 
the titres of these virus stocks were determined, the two plaque morphologies could be 
successfully separated and hence appeared to be isolated in each virus stock. Yet, the 
difference in retention behaviour was observed with tests using either of the two virus 
stocks. This provided evidence for the assumption that the two virus types co-existed in 
the primary virus stock. This could be due to mutations of the phages altering their 
properties or another phage species which had contaminated the primary virus stock. 
These two phage stocks were then subjected to characterisation using TEM which 
revealed two clearly diverse bacteriophage morphologies: the expected morphology of , 
as shown in Figure V-7, as well as an unexpected complex morphology of a tailed 
bacteriophage, given in Figure V-12. As the phage’s morphology differed greatly from that 
Chapter V 
 
65
of, this could not be explained solely by mutation and thus led to the identification of a 
viral contaminant. 
 
Figure V-12. TEM images of the contaminant termed Siphophage. 
 
 This unknown contaminant showed an icosahedral head with an estimated diameter 
of 60 nm and a non-contractile, flexible tail with a length of about 160 nm and a width of 10 
nm. Due to the morphology, this phage was assigned to the T-series of bacteriophages 
fitting best with the dimensions of the Enterobacteria phage T1 of the family Siphoviridae. 
This species has been known to contaminate laboratories as it remains stable there for 
weeks in the form of aerosols (Calendar 2006). On the other hand, this viral contaminant 
may have derived from a temperate phage, such as the Enterobacteria phage λ, which has 
been introduced into the genetic code of some E.coli strains (Calendar 2006). The 
prophage might have been triggered to become virulent whilst a number of propagation 
methods were performed and could have been established in parallel to the phage . 
Some properties of the phages that potentially could be assigned as the contaminant are 
listed in Table V-4. However, no other properties could be identified which allowed to 
distinguish further between the two candidates, and hence the viral contaminant is referred 
to as the ‘Siphophage’ as both candidates belong to the family of Siphoviridae. 
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Table V-4. Potential candidates for the viral contaminant 
  T1 
Family 1 Siphoviridae Siphoviridae 
Genus 1 "λ-like viruses" "T1-like viruses" 
Species 1 Enterobacteria phage λ Enterobacteria phage T1 
Nucleic acid 1 dsDNA dsDNA 
Host 2,1 E.coli, Salmonella typhimurium; somatic Bacteria, genus Escherichia 
Burst size 3,4 50-100 180 
Morphology 3 
Complex; icosahedral-head with a diameter 
of 60 nm having a non-contractile tail with a 
length of 150 nm and a diameter of 10 nm. 
Complex; icosahedral-head with a diameter 
of 60 nm having a non-contractile, flexible 
tail with a length of 151 nm and a diameter 
of 10 nm. 
Molecular weight  (Mega Dalton) 5 60 ? 
IEP 6 3.8 (or 2.7 in this study ?)  (2.7 in this study ?) 
References: 1 ICTVdB 2009; 2 Leclerc et al. 2000; 3 Calender 2006; 4 Mulligan 2002; 5 Ackermann and 
DuBow 1987b ; 6 Michen and Graule 2010. 
 
The Siphophage was subjected to further characterisation in terms of size and zeta 
potential in 4 mM NaCl. As can be seen from the inlet in Figure V-13, the larger 
dimensions of the Siphophage (when compared with MS2 and ) were confirmed by DLS 
measurements of phage suspensions with three measurements at titres in the range from 
1.9*109 to 7.6*109 PFU/ml revealing a dHydro=94.4 ± 2.6 nm (relative purity 2*105 PFU/mg 
TOC). Due to the complex morphology of the phage, the determination of a hydrodynamic 
diameter was difficult. However, one would expect a diameter larger than the icosahedral 
head of the phage (60 nm) and smaller than the maximum length of the phage (head and 
tail), which was about 210 nm long. Hence, the dHydro corresponded well with the phage 
size determined by TEM. The zeta potential in 4 mM NaCl as a function of pH is shown in 
Figure V-13. Under such conditions, the zeta potential had values of about -20 mV at 
neutral pH. The IEP of the Siphophage was determined to be equal to pH 2.7. In the 
literature, only one IEP value for phage lambda at pH 3.8 has been reported and none for 
the phage T1, making further assignment to either of the two species not feasible. 
The Siphophage had been used accidently in some filtration tests in this work until it 
was recognised as a contaminant and further identified. Taking advantage of that, these 
results will be used in Chapter VI to evaluate the virus retention in DE-based depth filters 
in addition to the two smaller phages MS2 and . 
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Figure V-13. Zeta potential as a function of pH of the Siphophage as well as the size distribution shown in 
the inlet; all conducted in 4 mM NaCl. 
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Chapter VI 
The diatomaceous earth-based 
depth filter 
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VI.I  Literature review 
VI.I.I  Diatomaceous earth 
Diatomaceous earth (DE), or kieselguhr, is readily available as a powder and consists of 
the amorphous silica-based cell wall of diatoms (the largest group of single-celled 
eukaryotic microalgae that are present in almost every water habitat). The various species 
of diatoms have different morphologies and sizes of natural pores which range from the 
nano to the micro scale (Kroeger 2007). Therefore, this material shows a high surface area 
and porosity, making it suitable for use in filtration (see Figure VI-1a). It has been 
established as a filter aid in pre-coat filtration units (McIndoe 1969) and has also been 
processed into a cylindrical body (filter candle). The fine porous ceramic filter candle 
(mounted in a metal housing), as shown in Figure VI-1b, was first developed by Wilhelm 
Berkefeld in 1890, and showed enduring reduction of turbidity and bacteria if the surface of 
the filter was cleaned by scrubbing from time to time (The Berkefeld Filter 1891). However, 
shortly after the invention of the Berkefeld Filter, its production of sterile water was 
disputed (Bulloch et al. 1908). Bacteria were found to pass through the filter candle and 
were observed to grow through the wall of the filter (Craw 1908). Some researchers took 
advantage of the non-sterile filtrate and found new biological species in it, e.g. viruses 
(Friedenwald and McKee 1938). 
Ceramic 
filter candle
Housing
Inlet
Outlet
5 m
a) b)
 
Figure VI-1. Scanning electron microscope (SEM) picture of a single kieselguhr disk is shown in a). In b) the 
ceramic filter candle mounted in its housing is pictured (adapted from The Berkefeld Filter 1891). 
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VI.I.II  Retention of microorganisms in the DE-based depth filter 
Even though these filter candles have been on the market for more than a hundred years, 
patents describing the manufacturing of DE-based filters were published only in 1997 and 
thereafter (Dilenge and Grueter 1997, Whittemore et al. 1999, Chiou 2002 and Farrelly et 
al. 2007). The improvement in processing techniques based on slip casting or extrusion 
might be assumed to have benefitted the performance of the ceramic filter with time. The 
incorporation of small amounts of silver (or copper) into depth filters was applied to inhibit 
the growth of bacteria within the filter. However, only a few studies have been carried out 
on the performance of the recently applied DE-based depth filters and none of them have 
investigated the retention mechanisms. Table VI-1 compiles the published works on the 
removal of microorganisms in DE-based depth filters. From these studies, the following 
conclusions can be drawn:  
i. These filters safely remove large-sized microorganisms of the group 
protozoa like Cryptosporidium parvum oocyst, Giardia lamblia, Giardia 
muris, Tetrahymeny and Paramecium in excess of 99.99 %, whereas no 
single protozoan could be detected in the effluent in any study. 
ii. Removal of bacteria appears scattered among these studies. When filters 
were subjected to tests in which relatively small volumes of water were 
passed through the filter, the bacteria removal could be considered high 
(up to > 99.9999 %) and most often no single bacterium could be detected 
in the effluent. However, when filters were challenged with bacteria for a 
longer period, the retention performance in most studies dropped down to 
values ranging from ~50 to 99.9 %. In the study of Kulkarni et al. (1980), 
high fluctuations in bacteria removal were observed and Tobin and 
Amstrong (1980) demonstrated the breakthrough of bacteria. 
iii. Viruses were the least studied microorganisms in the compilation and 
showed large scatter in removal ranging from < 90 % up to 99.999 %. 
 
 
 
Table VI-1. Compilation of studies on the performance of diatomaceous earth-based depth filters 
Reference  Filter device (manufacturer)  Filter operation details and test waters used  Microorganism(s) tested in study    
Tobin and Amstrong 1980 
 
Ceramic filter candles type:  
Berkefeld from the Canadian market 
Filters were subjected to a long-term test for a period of 40 days with 
discontinuous operation. Alternating tap water and modified tap water 
containing either low or high salinity was used. 
Microorganisms taken from sewage and determined in two ways  
(1) coliform enumeration on membranes and  
(2) by standard plate counts 
  A (unknown fabrication)  Water pump  No coliforms detected within 9000 l tested LRV>3-5.6 DL, standard plate counts usually <125/ml 
  B (unknown fabrication)  Water pump  No coliforms detected within 9000 l tested LRV>3-5.4 DL, standard plate counts usually <500/ml 
  D (unknown fabrication)  Manually pumped, 0.6 l/day  No coliforms detected within the first 20 l LRV>3.6-3.9
 DL followed by a breakthrough,  
standard plate counts usually <500/ml 
Kulkarni et al. 1980  Ceramic filter candles type:  Berkefeld  Gravity filters were subjected to long-term test with water from a well Coliforms Fecal coliforms E. coli   
  C (unknown fabrication)    LRV=1.1-5.8 LRV=0.4-6.5 LRV=0.2-6.4   
  D (unknown fabrication)    LRV=0.9-5.4 LRV=0.2-6.5 LRV=0.2-6.4   
Schmidt and Meier 1984    Huron River water was manually pumped  Three types of protozoan were tested: Tetrahymena, Paramecium, Giardia muris 
  Pocket Ag (Katadyn)  Samples of 0.5 l were filtered once daily for 26 days  None of the protozoan were found in the effluent with LRV>4.4-4.7 DL  
  No. 4 Ag (Katadyn)  Samples of 1l were filtered once daily for 26 days  None of the protozoan were found in the effluent with LRV>4.7-5.0 DL  
Ongerth et al. 1989    Spring water (pH=6.8, NTU=0.09) was manually pumped, samples were taken after 6 and 27 litres Two strains of protozoan type Giardia were tested: Giardia lamblia and Giardia muris 
  Pocket Ag (Katadyn)    None of the protozoan were found in the effluent with LRV>4.5 DL  
Chaudhuri et al. 1994  Ceramic filter candles type:  Berkefeld from the Indian market 
Gravity filters were subjected to a long-term test which comprised the 
filtration of (1) <10 l of tap water seeded with E. coli, (2) ~400 l of 
groundwater from a dug well containing heterotrophic bacteria and (3) 
<10 l of groundwater seeded with Poliovirus. 
E. coli Heterotrophic bacteria Poliovirus type 1   
  C-1 (unknown fabrication)    LRV=2.1-2.4 LRV~1 LRV=1.9-1.8   
  C-2 (unknown fabrication)    LRV=1.5-1.8 LRV~1 LRV=1.1-1.4   
  C-3 AC, Ag (unknown fabrication)    LRV=3.1 LRV~1 LRV=1.2-1.7   
Schlosser et al. 2001    Marne river water (untreated and treated) was manually pumped  Coliforms E. coli Viable bacteria   
  Mini Ag (Katadyn)  Untreated: pH=8.10-8.15, NTU=10.4-52.3, TOC=2.0-3-3 mg/l  LRV>4.3-5.2 DL  LRV>2.1-3.6 DL LRV=2-4.7   
  Mini Ag (Katadyn)  Treated river water by sand filtration:  pH=8.10-8.15, NTU=10.4-52.3, TOC=2.0-3-3 mg/l LRV>1.6-2.2
 DL LRV>0-1.3 DL LRV=3.3   
Hoerman et al. 2004    
Natural surface water (from a lake) was manually pumped and 
samples were taken after 15 l. Feed water contained all 
microorganism simultaneously. 
Cryptosporidium 
parvum oocyst Coliforms E. coli 
Clostridium 
perfringens 
Enterobacteria  
phage MS2 
  MiniWorks 
AC(MSR) 
    Detected LRV>6.9 
DL LRV>6.9 DL LRV>1.8 DL Detected 
  WaterWorks2 AC, M (MSR)    LRV>5.1 DL LRV>6.9 DL LRV>6.9 DL LRV>1.8 DL LRV=5 
  Pocket Ag (Katadyn)    LRV>5.1 DL LRV>6.9 DL LRV>6.9 DL LRV>1.8 DL LRV=3.3 
  Combi AC, Ag(Katadyn)    LRV>5.1 DL LRV>6.9 DL LRV>6.9 DL LRV>1.8 DL LRV=2.7 
Wegmann et al. 2008b  Pocket Ag(Katadyn)  Deionised water containing 4 mM NaCl at pH=5, 7 and 9 was manually pumped and samples were taken after 0.5 litres. Enterobacteria phage MS2    
      LRV<1 at all pH-values    
Abbreviations: Log reduction value (LRV), Detection limit (DL), contains silver (Ag), contains activated carbon (AC), equipped with a membrane (M), total organic carbon (TOC), nephelometric turbidity unit (NTU) 
 
Chapter VI 
 
  73 
These conclusions led us to question the removal of bacteria due to the size 
exclusion principle alone as stated in the literature (Peter-Varbanets et al. 2009). Although 
viruses are not expected to be retained by straining in such microfilters, some evidence for 
viral reduction can be drawn from the studies listed in Table VI-1. Virus removal may be 
attributed to adsorption mechanisms as discussed in Chapter III. The present Chapter 
characterises the DE-based depth filter in order to shed some light on the observed 
deviations as outlined before. In addition to a physical characterisation of the depth filter, 
latex particles are used as a model for small-sized bacteria to evaluate retention 
performance as was done by Bielefeldt et al. (2010). Next, the three bacteriophages, 
described in Chapter V, are used to investigate possible viral adsorption processes in the 
filter. 
VI.II  Experimental 
VI.II.I  Manufacturing the depth filter 
Filter candles were produced by extruding granulate matter consisting of 48.7 wt% water, 
39.9 wt% DE, 8 wt% binder, 3.3 wt% clay and 0.1 wt% silver oxide. Two types of DE were 
used: Filter Cel (FC) and Standard-Super-Cel (SSC) (Celite, USA). The binder was 
comprised of cellulose (Optapix KG 1000, Zschimmer & Schwarz GmbH & Co. KG, 
Germany), polyethylene glycol (PEG 20,000, H.P. Haedener & Co., Switzerland) and oil 
(O59, Zschimmer & Schwarz GmbH & Co. KG, Germany). The clay, which mainly 
consisted of montmorillonite (Ceratosil WGA, Franz Mandt GmbH & Co. KG, Germany) 
was used as a plasticizer for the extrusion process and acted as a sintering aid. The raw 
materials were mixed in a rotating Eirich Mixer (R 20-E, Maschinenfabrik Gustav Eirich 
GmbH & Co KG, Germany). The shear rate and time were adjusted in order to achieve 
granulate matter which was filled in a ram-extruder (232 16 DT-HS 60x200, LOOMIS-
Products Kahlefeld GmbH, Germany) and pre-compressed at ~60 bar under an absolute 
pressure of 0.2 bar. Subsequently, the granulate matter was shaped by a die into a tubular 
geometry at a pressure between 12 to 20 bar. Green bodies were dried for several days (> 
10 d) at room temperature. The elements were then sintered in air at 1040°C (1.5 K/min) 
with a dwell time of 3 h in a furnace (N50, Nabertherm, Switzerland). By subsequently 
machining the ceramic to the standard dimension as defined in Table VI-5, tubular ceramic 
depth filters based on DE could be produced. 
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VI.II.II Physical characterisation 
Depth filters prepared in this fashion were characterised using mercury intrusion 
porosimetry (MIP) in order to gather information on filter porosity and pore size distribution. 
Thereby, mercury, with its high surface tension, filled pores of a defined cylindrical 
diameter at a corresponding pressure. Measurements were performed using the 
combination of Pascal 140 and Pascal 440 (ThermoQuest Italia S.p.A.) to gain intrusion 
data within a pressure range from 0.1 kPa to 400 MPa which allowed the investigation of 
pore diameters in the range from 116 m to 0.0036 m, respectively. 
Zeta potential measurements were performed as described in Chapter V.II.III. 
Filters needed to be destroyed to achieve a fine powder that could be measured in 
suspension. To avoid contamination of the sample, two filter fracture surfaces were ground 
on each other to produce powders. These powders were diluted in the electrolyte and 
strongly shaken. Sedimentation of the sample was allowed for 15 min and the supernatant 
was collected for  measurements. 
The specific surface area of the filter, or other powder samples, was determined by 
the adsorption of nitrogen at 77 K according to the method of Brunauer-Emmett-Teller 
(BET; SA3100, Beckman-Coulter, USA). Samples were dried at 200°C and degassed with 
nitrogen for 3 h prior to BET measurements.  
A scanning electron microscope (SEM; S-4800, Hitachi, Japan) was used to image 
ceramic filters and also other samples of interest in this work. Samples were sputtered with 
a layer of a conductive Au-Pd alloy to avoid sample charging during SEM examination. 
The crystallographic structure and its chemical composition were investigated using 
an X-ray diffraction (XRD) technique (X’Pert Pro MPD, PANalytical, The Netherlands). A 
scan from 2 of 5° to 80° was performed with a step size of 0.0167° within a scan time of 
150 min (Cu K radiation, 40 mA heating current, 45 kV beam potential). 
The flow rate of the elements was determined by forcing tap water at 3 bar and 
25°C through the filter. Thereby, a particular effluent was collected and the corresponding 
time was recorded. 
 Experiments were usually performed at least three times and results are expressed 
as the mean value with the corresponding standard deviation. 
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VI.II.III Performing filter retention tests 
Virgin filter elements were used for any performance test done if not stated otherwise. 
Before filters were subjected to a retention test, they were clamped in a mount and tested 
for leaks with a bubble-point test. Next, filters were flushed with deionised water at 3 bar 
for at least 3 min. This procedure was applied in order to prevent artefacts originating from 
interactions between component (i) in the test water and dust particles left from the 
machining of the filter and/or air-water interfaces (AWIs) at non-wetted pores. AWIs are 
known to reduce virus concentration by adsorption (Torkzaban et al. 2006) and/or 
inactivation at the air-water-solid interface (AWSI) (Thompson and Yates 1999) and thus 
needed to be avoided. Also, the adsorption of latex particles to the AWSI would be 
enhanced in case the entire filter media had not been wetted completely (Bradford and 
Torkzaban 2008). Indeed, the retention of MS2 performed in tap water in a dry virgin 
element showed a significantly higher reduction when compared with an element that was 
subjected to the abovementioned procedure. The difference recorded was close to 1 LRV 
(data not shown).  
Wet filters were subjected to retention tests in a laboratory-scaled experimental 
setup which was composed of a filter housing sealing the mounted ceramic depth filter as 
it is commonly done in POU applications (e.g. under the sink). A tube connected the 
housing with a 50 litre stainless steel pressure vessel containing the test water. 
Compressed air was used to force the water through the ceramic at a pressure of 3 bar. 
Water composed of different ionic strengths was used to evaluate filter retention 
performances. Tap water from Wallisellen, Switzerland, which contained a relatively high 
amount of divalent cations with I=8 mM, was thus termed ‘hard water’ in this study. The 
detailed ionic composition is given in Table VI-2. Also, a ‘soft water’ was defined that 
contained only monovalent ions of defined concentration. This soft water was prepared 
with deionised water (conductivity < 2 S/cm) and 4 mM NaCl. Further, 0.1 M HCl and 
NaOH were used to set the pH of the soft water. In some tests where latex particles were 
used, the test water was also adjusted with divalent ions of MgCl2•6H2O. 
For virus retentions tests, such test waters were spiked with phages, where the 
dosage of phage stocks were aimed to reach a final concentration of ~2*104 PFU/ml. 
Thus, the detection limit of ~ 5 LRV (or 99.999%) was determined by the phage 
enumeration that used a maximum sample volume of 5 ml. When latex particles were used 
in retention tests, independent of the particle size, a turbidity of 200 NTU was adjusted in 
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the influent. The effluent given in litres may be divided by the pore volume of the filter 
(VP=86 ml) in order to make comparison with other depth filters feasible; this is termed 
“pore volume” and is dimensionless. 
Table VI-2. Ionic conditions found in Swiss tap water near Zurich. 
Ion [i] Cm (mg/l) C (mol/l) Ci*zi2 (mol/l) 
Mg2+ 17 0.0007 0.0028 
Na+ 4.5 0.0002 0.0002 
Ca2+ 113.8 0.0028 0.0114 
Cl- 16.1 0.0005 0.0005 
NO3- 23.3 0.0004 0.0004 
SO42- 26.5 0.0003 0.0011 
Ionic strength (I):    
I (M) I (mM)   
0.0081 8.1424   
Ion concentrations in mg/l according to a report (24.09.2007) obtained from the water supply in Wallisellen. 
The table includes the conversion to ionic strength. 
 
VI.II.IV Latex retention test 
Such particles are well-defined in size and shape, making them suitable for evaluating the 
effect of size exclusion on retention in the depth filters. Latex has been used to assess 
filtration mechanisms in membranes (Yiantsios and Karabelas 1998) and ceramic water 
filters based on clay (Bielefeldt et al. 2010). Since the depth filters are challenged with 
volumes up to 100 litres, the choice of a latex product was also affected by economical 
issues and hence did not allow for using expensive latex standards. Thus, latex 
suspensions used in the plastic pigment industry served as the particles of choice. Three 
sizes of modified polystyrene particles with mean diameters of 140, 260 and 450 nm 
(DPP3710, DPP3720 and DPP3740) according to the supplier (DOW, USA) were chosen 
in order to represent dimensions known for small bacteria. Aqueous suspensions were 
received containing ~50 wt% of latex at neutral pH and low conductivity. Suspensions 
were diluted in ultra-high purity water (conductivity < 0.1 S/cm) and turbidity was 
determined using two turbidimeters (2100P/2100AN, Hach, USA). Calibration curves were 
obtained which displayed the turbidity expressed as the Nephelometric Turbidity Unit 
(NTU) as a function of latex particle concentration (see Figure VI-2a). The PSDs were 
recorded using both static light scattering (SLS; LS230, Beckman-Coulter, USA) and 
dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern Instruments, UK). These 
results are shown in Figure VI-2b, where both methods confirmed a narrow, monomodal 
PSD for all three latex products when diluted in deionised water. Mean values of dHydro 
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were obtained from the operating software of the SLS and DLS equipment which were 
given as d50 and Z-average, respectively. These dHydro values confirmed the 
manufacturer’s specifications (deviation < 15 %). SEM investigation confirmed the size 
measurements and revealed well-defined spherical particles (data not shown).  
Since the latex suspensions were monomodally distributed, the known mass 
concentration of the latex could be converted into a corresponding number of particles per 
unit volume. In order to do this, all particles were assumed to have a diameter=dHydro and a 
density of 1.03 kg/m3, as given by the manufacturer. Zeta potential measurements of latex 
suspensions were performed according to the principles described in Chapter V.II.III. 
Results of the  measurements as a function of pH are displayed in Figure VI-2c and were 
found to be negative in nature with absolute values greater than 60 mV at neutral pH in 
soft water. The high negative zeta potentials and the relatively low AH (see Table VI-3) 
gave a reason for the observed stability of the latex suspensions over weeks (when diluted 
in deionised water). 
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Figure VI-2. In (a) calibration curves of the latex particles were recorded. In (b) the PSD of the three latex 
suspensions is displayed. The manufacturer’s specifications were confirmed by both SLS and DLS. In (c) the 
zeta potential of the latex in soft water (4 mM NaCl) as a function of pH is shown. 
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VI.II.V Studying adsorption kinetics in a batch experiment 
Apart from the evaluation of filter performance, the sorption kinetics of viruses onto DE 
was investigated in batch experiments. In these studies, a round-bottom flask with three 
necks (1000 ml) was filled precisely with 1000 ml of test water. The flask was placed on a 
magnetic stirrer (MR Hei-Mix D, Heidolph, Germany) and a cylindrical stir bar was placed 
and adjusted to 250 revolutions per minute. This speed was chosen to avoid 
sedimentation of the potential adsorbent. Into one of the necks of the round bottom flask, a 
pH electrode was placed which allowed for monitoring the change in pH during the 
experiment. The other two necks were kept closed with a glass stopper whenever 
possible. The round-bottom shape of the filled flask reduced the AWIs and was thought to 
minimise gas exchange at the AWI and hence minimise the pH alteration due to 
atmospheric carbon dioxide dissolution in water. Test water was spiked with a cocktail of 
both phages, whereas the dosage of phage stocks was prepared to a final concentration of 
~2*104 PFU/ml. Thus, the detection limit in the batch experiment was given by ~ 5 LRV (or 
99.999%) regarding the virus infectivity. The contaminated water was mixed for 10 min to 
disperse viruses and C0 was confirmed experimentally by virus enumeration in triplicate. 
Immediately thereafter, the DE was added to a final concentration of 500 mg DE/l. The 
moment of dosing was equal to t=0, the time at which the sorption experiment started. The 
time-dependent sampling made the recording of the sorption kinetics feasible.  
However, the viruses needed to be separated from the phase which contained the 
potential adsorbent prior to enumeration. Hence, the samples were subjected to an ultra-
filtration step using membranes with a sharply defined mean pore diameter of 50 nm 
(NucleporeTM, track-etched polycarbonate membrane 25 mm/0.05 m, Whatman, USA). 
The membranes were clamped in syringe-compatible filter holders (25 mm Swin-Lock, 
polypropylene, Whatman, USA) and plugged to a syringe containing the water sample to 
be separated from the DE. Filtration was performed with the help of a self-made apparatus 
which held the syringe while a certain weight was placed on top of the syringe, thus 
controlling the filtration step by gravitational forces and keeping the transmembrane 
pressure constant at values < 1 bar ( ≈ 0.5 m/h). The timeframe needed for the 
separation of the potential adsorbent is displayed in the results by the error bars along the 
abscissa and represented by the means. Based on the experience of performing the 
phage enumeration, a standard deviation of 20% is estimated. 
J
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VI.II.VI Applying (X-)DLVO theory 
A set of system-specific parameters must be known to apply (X-)DLVO theory in order to 
quantify the adsorption tendency in this work. One important parameter is the AH. Table 
VI-3 gives some values of the Hamaker constant taken from the literature and calculated 
for systems which are of interest in this work. The upper part of the table lists values of like 
materials across air or water. In the lower section, Hamaker constants are given for 
asymmetric materials in water. 
According to eq. III/5, the calculations were performed for two viruses, namely TMV 
and MS2. The refractive index of bacteriophage MS2 has been determined by Balch et al. 
(2000) with n=1.11 and =4 was assumed for icosahedral viruses as done by Reddy et al. 
(1998). For TMV, values of n=1.57 and =55 were used according to Lee et al. (2008) to 
calculate the Hamaker constant. Since these calculations underlie some simplifications 
(see Chapter III.II), an average from those values available for viruses (indicated in the box 
in Table VI-3) was taken to determine the AH for viruses in water. This value was 
transferred to an AH which refers to a non-specific average value for the virus-air-virus 
system with the help of eq. III/6, resulting in AH=11.4*10-20 J. Based on this value, together 
with the Hamaker constant of any other material in air, for example the filter media (SiO2), 
the calculation of the asymmetric AH between the virus and the potential adsorbent in 
water was performed with eq. III/7. Some values that are of interest in this work are listed 
in Table VI-3 along with previously reported AH values that have been applied to account 
for viral or bacterial sorption processes for comparison. 
The radius as well as the surface charge in a specific system with given electrolyte 
conditions was taken from direct measurements using light scattering techniques as 
described in Chapter V. Since  potential measurements in tap water were not obtained for 
the bacteriophages, the calculations were made with the values at pH 7 in 4 mM NaCl for 
MS2 and Siphophage, and in 40 mM acetate buffer for phage . With AH, radius, and 
surface charge along with some physical constants (see list of physical constants) the 
energy distance curves in terms of the DLVO approach could be calculated using the 
equations eq. III/8, eq. III/9 and eq. III/10. 
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Table VI-3. Hamaker constants   
Material#1 across air or water AH (10-20J) air/water Reference 
Water 5.7/- Roth and Lenhoff 1996 
Polystyrene (=virus)+ 6.15 to 6.6/- Murray and Parks 1980 
Polystyrene latex particles 8.4/0.9 Roth and Lenhoff 1996 
BSA 9.6/1.28 Roth and Lenhoff 1996 
TMV 13/1.48 this study 
MS2 13.7/1.71 this study 
MS2 -/3.12 Sirivithayapakorn and Keller 2003 
SiO2 (silica, amorphous) 6.5/0.46 Bergström 1997 
SiO2 (quartz, trigonal) 8.9/1.02 Bergström 1997 
MgO 12.1/2.21 Bergström 1997 
MgAl2O4 12.6/2.44 Bergström 1997 
Y2O3 13.3/3.03 Bergström 1997 
TiO2 15.3/5.35 Bergström 1997 
-Si3N4 18/5.47 Bergström 1997 
-SiC 24.6/10.7 Bergström 1997 
C (diamond) 29.6/13.8 Bergström 1997 
   
Material#1 – Water – Material#2 AH (10-20J) system Reference 
Latex-water-SiO2* 0.20 this study 
Virus-water-quartz 0.33 to 0.49 Murray and Parks 1980 
Virus-water-SiO2* 0.37 this study 
Latex-water-sand 0.4 Bradford et al. 2009 
Virus-water-oxides 0.53 to 1.06 Murray and Parks 1980 
Bacteria-water-sand 0.6 Truesdail et al. 1998 
BSA-water-SiO2 (quartz) 0.68 Roth and Lenhoff 1996 
Virus-water-metals 0.91 to 2.97 Murray and Parks 1980 
Virus-water-MgO 1.08 this study 
Bacteria-water-Al-oxyhydroxide 2.2 Truesdail et al. 1998 
Bacteriophages-water-latex 2.2 Myers et al. 1999 
Bacteria-water-Fe-oxyhydroxide 3.22 Truesdail et al. 1998 
+ Murray and Parks assumed that poliovirus possesses a comparable HA to polystyrene;* assuming a SiO2 
composition of half amorphous and half trigonal; Bovine serum albumin (BSA), Tobacco mosaic virus (TMV). 
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When hydrophobic interactions were included into the X-DLVO calculations according to 
the empirical model of Yoon et al. (1997), the water-contact angles of both interacting 
surfaces must be known. In the frame of the present work, it was not possible to measure 
such values. We thus referred to literature values as compiled in Table VI-4. For the X-
DLVO calculations, water-contact angles of 50° and 42° were used for MS2 and , 
respectively. For the Siphophage, a contact angle of 96° was used as was measured for 
the phage T2. This seemed reasonable since T2 resembles the morphology of the 
Siphophage, particularly as both phages have a complex structure with a tail. The larger 
contact angle for T2 (and the Siphophage) may be explained by the surface properties of 
the tail. For example, the tail of phage  has a relatively low surface charge density 
(Penrod et al. 1996), thus it may be assumed that the tail has a relatively hydrophobic 
character. In case of latex particles, a water-contact angle for polystyrene of 91° was used 
to calculate hydrophobic interactions. 
Table VI-4. Water-contact angles of some substrates 
Substrate (°) Reference 
 42 Chattopadhyay  and Puls 1999 
MS2 50 Chattopadhyay  and Puls 1999 
T2 96 Chattopadhyay  and Puls 1999 
 26 Attinti et al. 2010 
Achi (virus) 28 Attinti et al. 2010 
MS2 33 Attinti et al. 2010 
Bacteria 32 Simoni et al. 2000 
Glass 11 Simoni et al. 2000 
Bacteria different strains 21-102 Schäfer et al. 1998 
Oxide removed sand 16 Attinti et al. 2010 
Goethite-coated sand 62 Attinti et al. 2010 
Aluminium oxide-coated sand 70 Attinti et al. 2010 
Polystyrene 91 Van Oss et al. 1986 
Quartz 8 Tarasevich 2006 
Diatomaceous earth 125 Zhidong et al. 2003 
MgO 58 Gonzales-Martin et al. 1999 
Mg(OH)2 almost zero Xu and Deng 2006 
Mg(OH)2 < 10 Lv et al. 2007 
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VI.III Results and discussion 
VI.III.I Characterisation of the depth filter 
The microstructure at the fracture surface of the filter is shown in Figure VI-3 from which 
the particularly structured cell wall of the diatom’s skeleton (or broken pieces of it) can be 
identified. The various types with different natural pore dimensions appear randomly 
distributed within the filter element or occur as a layered package where several kieselguhr 
disks are on top of each other. The latter possibly arises from the extrusion process as 
primary particles in the compound can be aligned due to shear forces acting in the 
extrusion (Cooper et al. 2002). The SEM micrograph gives insight into the various sizes of 
pore channels with diameters up to 5 m and many obstacles found along the filter wall 
where the water passes through. 
10 m
 
Figure VI-3. SEM micrograph taken at the fracture surface of the depth filter. 
 
The filter porosity of 64 v% was obtained by MIP with a mean pore diameter of 3.2 
m. Most of the mercury was intruded at pore sizes in the range of 0.1 to 5 m as can be 
seen from the cumulative and relative pore size distributions in Figure VI-4. Here, three 
different plots were considered: the cumulative volume of mercury which was intruded into 
the pores, dV/dR as the differential volume introduced within a certain pore size fraction, 
and the relative pore volume. From the dV/dR plot, the vanishingly small pores, created by 
the smallest natural openings of the diatomaceous earth, can also be visualised. Thus, the 
MIP result is in agreement with the pore dimensions seen from the SEM picture (Figure VI-
3). However, since water passed through the filter via the accessible largest pores in order 
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to minimise resistance during flow, plotting the relative pore volume was thought to be 
most suitable to evaluate filtration processes. To the author’s knowledge, none of the DE-
based depth filters compiled in Table VI-1 had been analysed in regard to their pore size 
distribution, except in the study of Wegmann et al. (2008a, b) where MIP was used and the 
pore diameters were found to lie in the range from 0.2 to 2 m.  
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Figure VI-4. Pore size distribution of the depth filter obtained by MIP. 
 
This work places emphasis on electrostatic interactions. Therefore, the surface 
charge of the filter in terms of the zeta potential was investigated. In Figure VI-5, the zeta 
potential of the filter and its main constituents (DE-SCC and clay after heat treatment at 
1040°C) is plotted as function of pH. The recorded values showed a net negative zeta 
potential for all materials, therefore the values obtained for the filter media are in very good 
agreement with the ones for the DE itself. This is not surprising if we consider the fact that 
DE is the major ingredient of the filter and thus determines the interfacial properties. DE 
consists of amorphous and crystalline silica (> 80 %) as given by the supplier. This was 
confirmed by the XRD pattern (data not shown). The literature values for the IEP of silica 
are scattered. However, this is often reported to lie below pH 4 if a switch of the surface 
charge can be detected at all. The zeta potential of diatoms was found to be of a negative 
nature for pH > 2 (Kosmulski 2006), which is in accordance with the results in Figure VI-5. 
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Figure VI-5. The zeta potentials of the filter media as well as the raw materials were measured in soft water 
as a function of pH. The inlet corresponded to the surface charge of the filter at neutral pH as a function of 
ionic strength using either NaCl or MgCl2 as an additive. 
 
When the ionic strength was changed by the addition of NaCl (a 1-1 electrolyte), as 
shown in the inlet of Figure VI-5, no significant change in zeta potential in the presence of 
monovalent ions was observed. However, the addition of MgCl2 (a 2-1 electrolyte) clearly 
affected the zeta potential by a decrease from about -60 to -20 mV. This was due to the 
formation of a Stern layer at the interface of the filter with divalent magnesium ions and the 
compression of the EDL. The different influence of monovalent and divalent ions on the 
surface charge at identical ionic strengths could be explained by hydration forces (recall 
Chapter III.IV). Electrical charge may have distorted the structure of hydrogen bonded 
water. While sodium is a monovalent ion and magnesium is divalent, Mg2+ is expected to 
alter this structure more effectively. Hence, Mg2+ can migrate through the structured water 
layers that are found in close approximation to the SiO2 surface where the ions specifically 
adsorb in the Stern layer.  
A compendium of the DE-based filter candle characteristics as discussed above 
together with its specific surface area, water flux and physical dimension is listed in Table 
VI-5. 
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Table VI-5. Some characteristics of the DE-based filter 
Type Depth filter 
Length (mm) 119 ± 2  
Inner diameter (mm) 35 ± 2 
Outer diameter (mm) 50 ± 2  
Filter weight (g) 89± 3 
Porosity (v%) 64 ± 6  
Mean pore diameter (m) 3.2 ± 0.2 
BET (m2/g) 2.1 ± 0.1 
Flux at 3 bar and 25°C (m/h) 6.8 ± 1.3 
IEP in 4 mM NaCl < 2 (if any) 
 
VI.III.II Latex removal in the depth filter 
At first, the filter candles were subjected to latex retention tests performed in soft water at 
pH 7. Latex particles with a mean diameter of 140, 260 and 450 nm were used to 
investigate the performance of the DE-based depth filter to investigate the retention 
mechanism of small-sized bacteria (or large-sized viruses). With the mean pore size of the 
filter dmean=3.2 m and latex particles having diameters < 0.5 m, the removal of such 
species was not likely to be due to the size exclusion principle. In Figure VI-6, the latex 
retentions as a function of the effluent as well as pore volumes were recorded. The graph 
displays typical breakthrough curves as found for adsorbent materials which have 
undergone exhaustion. No significant change in flow rate could be detected over the entire 
test, confirming the removal due to adsorption mechanisms.  
In order to investigate the differences in filter performance as observed for the three 
latex sizes, attempts were made to find a correlation between the latex retention and (i) the 
filter capacity in terms of its specific surface area (ii) the latex volume fraction retained in 
the filter and (iii) the cumulative number of latex particles trapped in the filter. Only for the 
latter was a correlation found as displayed in Figure VI-7. From the graph, it was 
concluded that these depth filters provided a definite number of adsorption sites capable of 
removing of a certain number of latex particles independent of their size (at least in the 
range of investigation, from approximately 100 to 500 nm). If the point of breakthrough was 
defined at 0.5 of retention, such filters provide a noticeable number of adsorption sites of 
about 1013 at pH 7 in soft water. However, this capacity may be considered low as the 
entire surface area of the filter (~180 m2) was not exploited by the latex particles. These 
particles occupied only a fraction of about 1% of the entire surface area (assuming a 
monolayer of closely-packed latex particles). The only fractional depletion of the filter’s 
inner surface may be explained by pores that were too small for the latex to access. Yet, 
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these pores contributed to the specific surface area measured in the filter. As estimated 
from MIP, 48.4 and 59.6% of the total filter surface area was not accessible to the latex 
particles with diameters of 100 and 500 nm, respectively. However, this explained the low 
depletion only to some degree. Thus, the adsorption sites responsible for the removal may 
have provided a specific surface energy that was different from the rest of the filter’s 
surface. 
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Figure VI-6. The retention of three different sized latex suspensions was determined in soft water at pH 7. 
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Figure VI-7. Latex retention plotted as a function of particles that had challenged the filter. 
Chapter VI 
 
88 
Under these conditions, both interfaces, at the filter and at the latex particle, carried 
a net 
s of a hydrophobic nature with a 
water-
negative surface charge with a zeta potential value at the filter surface of -72 mV, 
and with values at the latex particles of -60, -68 and -78 mV with mean diameters of 140, 
260 and 450 nm, respectively. Regarding the relatively low AH of 0.2*10-20 J, taken from 
Table VI-3, and the fact that both surfaces were negatively charged, repelling forces 
between the latex and the filter were expected from DLVO calculations. For the given 
system, only repelling energy profiles were calculated with energy barriers for 140, 260 
and 450 nm latex suspensions of B=474, B=1024 and B=2032 kT all occurring at 0.3 
nm, respectively. This is in contradiction with the adsorption of the latex as recorded in 
Figure VI-6 or VI-7. It might be assumed that the adsorption sites could be found on the 
surface of the sintering aid, the clay. The sintered clay had a less negative surface 
potential of -56 mV at pH 7 (see Figure VI-5) as compared with the DE; however, DLVO 
calculations still revealed a repelling interaction with B of 373, 765 and 1437 kT for 140, 
260 and 450 nm latex particles, respectively. Thus, the DLVO energy profiles were not 
able to explain the observed adsorption of latex particles. 
The latex particles consisted of polystyrene, which i
contact angle of 91.4°. Thus, hydrophobic forces may have been the reason for 
trapping the latex particles onto the specific adsorption sites of the filter. SiO2 is generally 
known as a hydrophilic material with low contact angles ranging from 8° to 16° (see Table 
VI-4), from which a mean value of 11.7° for SiO2 can be estimated. However, the 
introduction of particular shapes in the surface microstructure of hydrophilic substrates can 
result in a hydrophobic surface (Crick and Parkin 2010). It is thus proposed that some sites 
in the depth filter showed a hydrophobic character which was created by the 
nanostructured roughness of the kieselguhr as shown in Figure VI-1a. This was evidenced 
by the water-contact angle of a kieselguhr layer placed on rubber as measured by Zhidong 
et al. (2003) with =125°. Since the microstructure of the depth filters was inhomogeneous 
due to the various-sized natural openings of the DE (see Figure VI-3), only a fraction of the 
inner surface was assumed to pose such hydrophobic structures. This fraction was 
suspected to offer the previously mentioned adsorption sites which account for the latex 
removal. These adsorption sites must have differed in their surface characteristics, in 
particular in their water-contact angle if hydrophobic interactions accounted for adsorption. 
Thus, a representative value for the water-contact angle of these specific adsorption sites 
on DE had to be determined. Since the water-contact angle measured for DE was 
presumably influenced by the hydrophobic rubber substrate, a contact angle less than 
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125° was expected. On the other hand, it was expected to be more hydrophobic than the 
mean value for flat SiO2 of 11.7°. Hence, the average of these two values was taken to 
estimate the water-contact angle occurring locally in the depth filter which possibly 
accounted for latex adsorption. This resulted in =68.4°.  
Including hydrophobic interactions in the calculation of energy profiles using X-
DLVO theory, the data showed attractive interactions in energy wells as displayed in 
Figure VI-8. Although an energy barrier remained for all particles, which decreased in 
magnitude for smaller latex particles, the long-range hydrophobic interactions offered 
attractive energy wells at distances of around 20 nm.  
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Figure VI-8. Interaction energy profiles according to X-DLVO theory for the filter and latex particles in 4 mM 
 
When transferred to bacteria removal in the depth filter, these results are in 
agreem
NaCl at pH 7. 
ent with the study of Redman et al. (2004) who found that bacterial attachment is 
likely to occur in the secondary energy minimum on quartz. On the other hand, Jucker et 
al. (1998) suggested that bacterial adhesion may be dominated by polymer interactions, 
which in the case of the lipopolysaccharides of Gram-negative bacteria may protrude 30 
nm or more from the outer cell membranes. This was confirmed by Liu et al. (2007) who 
attributed an enhanced bacterial adhesion onto glass beads to the extracellular polymeric 
substance on Pseudomonas aeruginosa. Since it was shown that bacteria with 
extracellular substances, such as pili, adhere preferentially in porous media, the same 
effect may enhance the adsorption of latex particles in depth filters. For the kind of latex 
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particles used in this work, Yiantsios and Karabelas (1998) found the aggregation of latex 
particles to lie beyond the theoretical prediction. They allocated this to the presence of 
polymeric chains on the particle surface which imparted excellent steric stabilisation. 
Depending on the composition of the polymeric chains, they may repel other hydrophobic 
latex particles or may form bridges to a hydrophilic material such as SiO2 according to the 
principle of mutual adsorption (Chapter III.IV). The adsorption of latex to the filter may thus 
also be attributed to mutual adsorption induced by polymeric chains on the latex and their 
bridging mechanism with the filter surface. However, the detailed constitution of the latex 
particles remains unknown as no further information could be obtained from the supplier 
than that given in the data sheet, which stated that the particles consisted of modified 
styrene.  
Next, the influence of the ionic composition on the adsorption was evaluated. Latex 
retention tests conducted only with 260 nm particles, at various ionic strengths, are plotted 
in Figure VI-9a. By comparison of the breakthrough curves determined at I=4 mM 
(adjusted with NaCl) and I=8.5 mM (adjusted with MgCl2), a shift of the breakthrough point 
could be noted. This shift corresponded to an increase of adsorption sites in the filter. It 
was explained by the absence of an energy barrier due to the change in the surface 
charges on the latex and the filter. This change probably arose due to the formation of a 
Stern layer consisting of Mg ions which reduced the magnitude of the surface charge as 
previously discussed in Figure VI-5. The X-DLVO energy profiles were calculated using  
of -68, -30, -27 and -23.8 mV, as determined for the 260 nm latex particles at ionic 
strengths of 4, 8.5, 14, 27 mM, respectively. Values for the filter surface were -72, -26.6, -
25.2, -21.6 mV at ionic strengths of 4, 8.5, 14, 27 mM, respectively. The resulting plots in 
Figure VI-9b show the aforementioned absence of the energy barrier that only remained 
for the calculated systems at I=4 mM adjusted with NaCl. 
Chapter VI 
 
  91 
-250
-200
-150
-100
-50
0
50
100
150
200
250
0 10 20 30 40 50
Distance x (nm)
 X
D
LV
O
 (k
T)
4 mM NaCl
8.5 mM MgCl2
14 mM MgCl2
27 mM MgCl2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 200 400 600 800
Pore volumes (-)
R
et
en
tio
n 
(-)
0
1
2
3
4
5
6
7
8
Fl
ux
 a
t 3
 b
ar
 2
5°
C
 (m
/h
)
8.5 mM
(MgCl2)
27 mM
(MgCl2)
Flux at 27 mM (MgCL2)
a)
b)
14 mM
(MgCl2)
Flux at 14 mM (MgCl2)
4 mM
(NaCl)
 
Figure VI-9. The retention of 260 nm latex at pH 7 under various ionic strengths is shown in (a). The 
corresponding X-DLVO energy profiles are given below in (b). 
 
The retention curve recorded at I=14 mM (adjusted with MgCl2) showed only a slight 
shift of the breakthrough point when compared with I=8.5 mM. Further increase in ionic 
strength to I=27 mM (adjusted with MgCl2) led to a significant improvement in regard to the 
retention of latex, whereas no breakthrough could be detected in the range of 
investigation. This result is in contradiction with the corresponding X-DLVO calculations as 
comparable attractive energy profiles were given for ionic strength between 8.5 and 27 
mM adjusted with MgCl2. Another mechanism which may have contributed to latex 
retention at higher ionic strength is the aggregation of latex particles and their removal due 
to the sieving effect. When the flux through the filter was observed during the filtration 
process, no significant change was noticed at ionic strength of 4 and 8.5 mM. In contrast, 
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a slight decline in flux was observed at I=14 mM. The decrease in flux was even more 
pronounced at I=27 mM, which related to the flux decline with ionic strength. This may 
have been due to the physical straining of aggregated particles that clogged filter pores 
and thus increased the resistance of the suspension flowing through the filter.   
Additionally, the retention curve in Figure VI-9a recorded at I=14 mM appeared to 
achieve saturation in a plateau at about 0.2 of retention. It was very likely that such a 
plateau originated from a fraction of agglomerates that had been removed due to straining. 
This, in turn, would lead to a smaller amount of primary particles which occupied the 
available adsorption sites in the filter, hence shifting the breakthrough point slightly as 
observed in retention curves conducted at I=8.5 and I=14 mM. A further increase in the 
ionic strength to 27 mM was expected to enhance such effects and explained the removal 
of more particles. This was a reasonable explanation which did not contradict the attractive 
energy profiles calculated according to the X-DLVO approach. 
However, among these ionic strengths, the DLS did not detect large aggregates of 
the 260 nm latex suspensions as can be seen from Figure VI-10. At I=27 mM (MgCl2) the 
latex particles were close to forming aggregates and thus it might be suspected that 
aggregation took place in the feed water with time, which has not been evaluated. In 
addition, the DLS may not be able to detect relatively small fractions of aggregates. 
However, latex particles which are in a state “close to aggregation” (e.g. under conditions 
of the evaluated ionic strengths) may need an additional amount of kinetic energy in order 
to get close to each other and overcome energy barriers to build up aggregates. Such 
energy might be found in turbulent flow conditions in the inner layer of the depth filter, 
where locally high shear forces may have acted as an initiator for aggregation; this is 
known as orthokinetic flocculation in deep bed filtration as mentioned in Chapter III.IV. 
Such local turbulences are likely to occur around obstacles which are readily found in the 
DE-based depth filter (Figure VI-3).  
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Figure VI-10. Size and surface charge of 260 nm latex particles determined at 200 NTU as a function of 
ionic strength adjusted with MgCl2. 
 
With this experimental investigation, it was shown that particles having diameters up 
to 500 nm are generally not removed due to straining in the depth filter. However, such 
particles are likely to be removed due to surface forces inducing the adsorption process. 
Hydrophobic interactions and/or mutual adsorption may overcome the repelling 
electrostatic forces and lead to particles sticking in either the primary or the secondary 
minima depending on the influence of the ionic composition in the system. X-DLVO energy 
profiles provide a good description of the adsorption behaviour if a fraction of the filter 
surface is assumed to offer some degree of hydrophobicity due to its microstructure. This 
fraction offers a certain number of adsorption sites before the filter capacity becomes 
exhausted. Besides adsorption, aggregated particles may also be retained by the sieving 
effect even under conditions where they are close to forming aggregates. Shear forces 
around obstacles in the filter are thought to be responsible for an in situ aggregation 
(orthokinetic flocculation). These aggregates would indirectly lead to the straining of a 
potential pathogen which explains to some degree the deviations in microorganism 
removal found in the literature as reviewed in Table VI-1. Also, the fact that smaller-sized 
bacteria will undergo breakthrough upon exhaustion of the filter capacity is in agreement 
with the review and could explain the only partial reduction in illness when these filters are 
applied in field studies. Considering all the possible effects evaluated here, the fluctuations 
concerning bacterial reduction as shown in Table VI-1 can be better understood. 
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VI.III.III Filter performance on virus removal 
The retention of the bacteriophages MS2,  and Siphophage in the DE-based depth filter 
were investigated in various water chemistries. Figure VI-11 gives the retention of all 
phages as recorded at pH 7 in soft water. While both smaller-sized phages (MS2 and ) 
showed no significant retention, the larger Siphophage with its complex structure was 
removed by the filter media by approximately 2 LRV.  
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Figure VI-11. Retention of the bacteriophages MS2,  and Siphophage in soft water at pH 7. 
 
The results on virus removal in soft water at pH 5, 7 and 9 as well as in hard water 
have been compiled in Figure VI-12. The columns represent mean values with standard 
deviations of virus retentions summarised over 50 litres of effluent. The bacteriophage  
showed no significant removal when evaluated in soft water at 5 < pH < 9. In contrast, in 
hard water, where divalent ions are present, the removal was slightly improved. MS2 did 
not show any relevant retention in the different test waters except in soft water at pH 9. In 
contrast, the Siphophage was reduced by approximately 2 LRV in soft water over the 
entire pH range of investigation. In hard water, however, the removal was increased to 
LRV > 3. 
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Figure VI-12. Summary of virus retention in the filter: Siphophage, MS2 and  in various test waters. 
 
According to DLVO theory, one would expect the enhanced removal of  in soft 
water at pH 5; under these conditions, the phage and filter are thought to carry oppositely 
charged surfaces if the virus’ IEP is equal to pH 6.6. Calculations according to the X-DLVO 
approach were carried out for the systems investigated here. The results are presented in 
Figure VI-13 where the energy-distance curves are shown for the different test waters. In 
the case of phage  the curves for soft water at pH 5 and tap water showed only attractive 
interactions. In soft water at pH 7 and pH 9, very low energy barriers of 0.07 kT at 14.5 nm 
and 0.79 kT at 10.1 nm were calculated, respectively. Consequentially, the adsorption of 
phage  would be expected to be in contrast to the filtration experiments compiled in 
Figure VI-12. Here, a noticeable retention was only recorded in hard water. Thereby, the 
virus titre was reduced by more than 1 LRV at low effluent volumes and subsequently 
decreased approaching C0 at higher effluent volumes (see Figure VI-14).  
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Figure VI-13. X-DLVO calculations for the bacteriophages MS2,  and Siphophage in various test waters as 
indicated in the graphs. 
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Figure VI-14. Retention of bacteriophages MS2 and  in tap water. 
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Since the energy-distance curves of for soft water at pH 5 and tap water at pH 7 
reveal comparable courses, the observed retention in tap water could be attributed to a 
force that had not been considered in the model. Such a force might explain the additional 
energy barrier needed to prevent the adsorption of  under electrostatically favourable 
conditions as found, for instance, in soft water at pH 5. Further, this repelling force must be 
decreased in magnitude due to substances found in hard water. Such a force may be 
attributed to steric stabilisation components on the phage’s capsid as suggested earlier 
(Chapter V.III.II) or to hydration forces between the filter surface and the virus. Phage  is 
hydrophilic in nature (=42°) relative to a number of other bacteriophages, such as MS2 
(Shields and Farrah 2002). When the virus approaches the surface, an additional force is 
needed to resolve the hydrogen bonded structures and strip water molecules off the 
surfaces on the SiO2. Such hydration forces were suspected by Brown et al. (1999) to 
explain the adsorption behaviour of the cation Co2+ on a SiO2 surface as a function of pH. 
While for other oxides, such as Al2O3, Fe2O3 and TiO2, a good correlation was found 
between the onset of Co2+ adsorption and the IEP of the corresponding metal oxide, and 
the cation adsorption on SiO2 was recorded at pH values considerably higher than the IEP 
of SiO2. At these pH values, electrostatic forces occur at a higher magnitude and can 
overcome the repelling hydration. Since ions, such as the bivalent Ca2+ and Mg2+ found in 
hard water, can distort the structure of the water layers (due to their strong hydration 
character), this could explain the observed retention of  in tap water. This hypothesis is 
not in contradiction with the observed adsorption of more hydrophobic adsorbates, such as 
the latex particles or the Siphophage, as hydrophobic compounds readily disturb 
structured water on hydrophilic surfaces. 
The phage MS2, except in soft water at pH 9, was not significantly retained in the 
depth filter which is in agreement with the energy-distance profiles in Figure VI-13. The 
calculations revealed energy barriers under all test conditions and thus no attractive 
interactions were to be expected. It was difficult to asses the removal of approximately 1 
LRV at pH 9. The inactivation of the phages at pH 9 could be ruled out for the titre 
reduction as confirmed by control samples (see Figure VII-10 in Chapter VII.II.III). An 
improved understanding may be attained when MS2 retention was observed as a function 
of pore volumes (Figure VI-15), in which the LRV value increased within the first volumes 
of effluent, a trend that was reflected in the pH value of the effluent. The change in pH and 
the possibly correlated MS2 removal might be explained with the interaction of the basic 
test water and the filter surface. As SiO2 becomes more soluble in basic solutions 
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(Salmang and Scholze 2007), this would dissolve parts of the filter surface and change its 
characteristics. Newly composed surface sites which have an affinity for the virus capsid at 
pH 9 may have been responsible for the observed retention. 
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Figure VI-15. Retention of bacteriophage MS2 in soft water at pH 9 and pH change in the effluent. 
 
In the case of MS2 and  the hydrophobic interactions did not significantly 
contribute to the course of the energy-distance curves plotted in Figure VI-13. Hence, the 
calculations resulted in indistinguishable curves for MS2 and  when the X-DLVO or 
classical DLVO approaches were used. However, this was not true for the Siphophage as 
can be seen from the energy-distance curve calculated for hard water. While the classical 
DLVO-theory revealed an energy barrier of 28.8 kT at a distance of 0.9 nm, which was 
larger than that for any B of MS2 under all test conditions, X-DLVO-theory predicted a 
favourable adsorption. Since hydrophobic interactions determined the course of the X-
DLVO calculations for the Siphophage to a great extent, such forces were assumed to 
account for its retention. However, the course of the energy-distance curves calculated for 
the Siphophage remained roughly the same for all test waters and did not explain the 
enhanced adsorption in hard water. It is likely that the assumed contact angle of 96° 
(measured for bacteriophage T2) is not the true value for the Siphophage. By trying 
different contact angles for the Siphophage, a value of 82° gave good results which could 
fully explain the adsorption behaviour observed in the different test waters as can be seen 
in Figure VI-16. Therefore, in all soft waters, a small energy barrier persists where the 
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phage experiences attraction in an energy well that results in a moderate adsorption of 
approximately 2 LRV. In tap water, no energy barrier is present, thus higher removals are 
recorded. 
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Figure VI-16. X-DLVO energy-distance curves for Siphophage in various test waters using 82° as the water-
contact angle for the phage. 
 
VI.III.IV Batch-sorption experiments 
Filtrations tests performed at 3 bar with fluxes of 6.8 m/h resulted in a virus residence time 
of 3.7 seconds in the depth filter, as estimated from the flux and the filter depth. This time 
may have been too short for the virus to follow the specific adsorption kinetics. Thus, 
batch-sorption experiments were performed in order to further investigate the adsorption of 
viruses. Tests were conducted with the raw material DE as the adsorbent, since it was the 
major component found in the depth filter and it was shown in Figure VI-5 that the surface 
charge of the filter was controlled by the DE. The result of a batch experiment conducted 
at pH 5 in soft water is displayed in Figure VI-17. Additionally, the time-dependent titre 
determination of phages MS2 and  and the pH values were monitored. Bacteriophage 
MS2 showed a first-order adsorption kinetic that could be described with an exponential 
function. However, the phage  did not show any significant change in titre with time, 
indicating that no or only little adsorption took place.  
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Figure VI-17. The adsorption kinetics for the two bacteriophages MS2 and  on 500 mg DE/l are displayed 
accompanied with the recorded pH-value. The test was conducted at pH 5 in soft water. 
 
None of the other tests conducted in various test waters showed a significant 
removal that could be described by first-order kinetics. Hence, the titre reduction after 30 
min was used to compare the retention. For example, in the case of  in soft water at pH 5, 
a reduction of LRV=0.07 was recorded, while for the phage MS2 a significantly larger LRV 
> 1.6 was found. According to this procedure, the results in different test waters are 
compiled in Table VI-6. 
Table VI-6. Reduction and energy barriers of MS2 and  in batch-sorption experiments 
pH in soft water LRV (t=30 min) MS2 B MS2 (kT) LRV (t=30 min)  B  (kT) 
5.0 >1.6 10.1 0.07 None 
6.2 0.16 21.1 0.21 None 
7.3 0.02 22.8 0.12 0.1 
9.0 0.63 23.2 0.18 0.8 
 
 The adsorption of MS2 observed at pH 5 may be explained qualitatively with the 
more favourable electrostatic conditions. Under these conditions the surface potential of 
the filter as well as that of the phage was reduced when compared to values at pH 6.2, 7.3 
and 9.0. This has been confirmed by X-DLVO calculations that revealed increasing energy 
barriers at higher pH values. The results are also listed in Table VI-6. The phage MS2 
showed increased reduction again at pH 9, relative to pH 6.2 and 7.3, as was observed in 
the filtration experiments (Figure VI-12). The titre reduction of 0.63 LRV in this experiment 
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occurred rapidly, within the first 12 minutes, and was subsequently constant. This may 
indicate limited adsorption sites, possibly induced by the interaction of the basic test water 
with the surface of the filter, as proposed earlier. 
However,  did not show any significant reduction, although no (or very small) 
energy barriers were present according to the X-DLVO approach (see Table VI-6). These 
results showed that even after 30 minutes, the bacteriophage  has no affinity to adhere to 
the DE in soft water in a pH range from 5 to 9, thus confirming the retention performance 
of the depth filter. However, it remains unclear whether steric or hydration forces were 
responsible for the introduction of such an additional energy barrier. Since the phage MS2 
was capable of adsorbing to DE at pH 5 with energy barriers larger than for , it might be 
supposed that the repulsive force originates from the nature of the phage . Thus, steric 
interactions induced by the knobs found on the outside of the capsid may account for this 
effect. On the other hand, MS2 has more hydrophobic groups than , which is reflected by 
the larger water-contact angle (Table VI-4) and has been determined by an adsorption-
elution method according to Shields and Farrah (2002). These hydrophobic groups may 
interact with near water molecules, as do bivalent cations, and distort their structure at the 
interface. Hence, they may overcome the hydration force leading to adsorption. 
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VI.IV Summary and conclusions 
Depth filters composed of DE were manufactured and characterised. The removal of 
colloidal particles in the size range from 30 to 500 nm in such filter candles was 
investigated in various test waters. When the retention of latex particles or bacteriophages 
was observed, adsorption mechanisms accounted for the removal if no aggregation took 
place. X-DLVO theory was applied to describe adsorption trends successfully in many of 
the experiments conducted. A number of surface forces have been proposed to be 
involved in the adsorption process which either bear attractive or repulsive interactions 
between the filter and the colloid. Such forces may arise from hydrophobic, electrostatic, 
van der Waals, hydration and steric interactions. These interactions may be altered with 
the ionic composition and pH of the test water, which, for example, may lead to a water 
chemistry-dependent breakthrough.  
 The results obtained from batch-sorption experiments and filtration tests with 
different bacteriophages revealed in general no significant removal of the small-sized, 
spherically shaped MS2 and , although the phage  is thought to carry a positive charge 
under some conditions evaluated here and thus would be expected to adhere to the 
negatively-charged filter. The fact that these viruses with dimensions comparable to many 
enteric viruses were not removed in the ceramic filter serves as additional explanation for 
the only partial reduction in illness with such POU interventions in field trials (recall 
Chapter I). However, the larger-sized, tailed Siphophage as well as latex particles were 
retained in the depth filter. Their removal was presumably dominated by hydrophobic 
interactions as evidenced by X-DLVO calculations. Due to structured water layers at the 
near surface of the DE, hydration forces may be attributed to an additional repelling 
interaction that has not been considered in the X-DLVO approach. Thanks to the 
morphology of phage , repelling forces may be enhanced because of an intrinsic steric 
stabilisation of the phage induced by the knobs found on the capsid. If such additional 
forces were to be included in X-DLVO models, the adsorption behaviour is expected to be 
described more exactly with this theoretical instrument. Thus, the adsorption behaviour of 
bacteriophages does not follow the electrostatic enhanced adsorption approach alone.  
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VII.I Experimental  
VII.I.I  Choice of the adsorbent material 
Although DE-based filter candles are capable of removing particles that are smaller than 
their pore dimensions, they fail when small-sized viruses with a rather hydrophilic 
character need to be removed. Such virus types show a tendency to adhere to positively 
charged surfaces as outlined in Chapter IV. Thus, the incorporation of a material having a 
basic IEP is expected to improve the removal of small, hydrophilic virus types in the depth 
filter according to the electrostatic enhanced adsorption approach. Besides possessing a 
positive surface charge, the adsorbent material needs to fulfil additional requirements, 
such as a low solubility in water, and it should not be harmful to humans as leaching may 
cause serious health effects. Guidelines of drinking water standards (WHO 1993) may 
serve as a benchmark for materials which may be applicable in water treatment for 
drinking water. Considering production requirements, the adsorbent material needs to be 
stable at temperatures up to 1000°C to allow for its addition prior to filter sintering. Last but 
not least, the adsorbent should be low-cost, making the filter affordable for less developed 
countries. 
 Based on the works of Parks and Kosmulski (who elaborately reviewed the IEPs of 
many solids, see Chapter III.I) Table VII-1 was compiled containing affordable metal 
oxides and hydroxides. As the hydroxides would decompose during sintering, these 
materials may be less suitable for incorporation into filters. Since oxides, oxyhydroxides or 
hydroxides of iron and aluminium have been already used in previous studies where they 
showed improved virus retention (Chapter IV), this work investigates magnesium oxide 
(MgO, magnesia or periclase) as a potential adsorbent material. MgO was chosen 
because it has a very high melting point of 2800°C and thus will not decompose at 
sintering temperatures applied to the filter. Moreover, it is readily available at a relatively 
low cost (Shand 2006). Periclase has the highest IEP reported along with its hydrated 
state Mg(OH)2 (brucite) and is thus an ideal candidate to verify the electrostatic enhanced 
adsorption approach. 
However, MgO is reactive with water and thus grains of MgO are usually covered by 
a brucite layer, even under ambient conditions, according to the reaction VII/1 (Shand 
2006). Hence, Mg(OH)2 is actually the phase that determines the surface characteristics 
concerning adsorption. Brucite has a low solubility in water of 9 mg/l (Shand 2006) and 
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can be considered harmless when compared with 10 mg/l of magnesium that is often 
found in natural water sources (WHO 1993).  
Table VII-1. Potential adsorbents and their IEPs 
Adsorbent IEP IEP standard deviation  
Mg(OH)2 12 ND 
MgO 11.1 1 
MgAl2O4 9 ND 
Al(OH)3 8.7 1.7 
-Al2O3 8.5 1.1 
FeOOH 8.5 0.8 
Fe2O3 8.3 5.5 
Fe3O4 7.2 0.8 
 
   
  heatOHMgOHMgO  22 )(      reaction VII/1 
 
VII.I.II Manufacturing the MgO-modified filter and characterisation methods 
Fine MgO powder (Fluka, BET=49.8 m2/g) was added into the extrusion mixture prior to 
forming, drying and firing the filter. Thereby, the recipe was identical with that of the 
reference filter covered in Chapter VI, except that a certain mass fraction of DE type SSC 
was exchanged with the adsorbent material magnesia. The amount of adsorbent 
introduced into the filter varied and the specification is given as wt%. 
Filters were characterised using the same methods as described in Chapter VI.II for 
the reference filter. Additionally, Fourier transform infrared spectroscopy (FT-IR) (Bruker 
Tensor 27, DE) was conducted using the sampling technique of a single attenuated total 
reflection (ATR) (Specac, Golden Gate Type IIa) at 45° on a diamond substrate with a 
resolution of 2 cm-1. 
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VII.II  Results and discussion  
VII.II.I  The adsorbent: Magnesium oxide powder 
Hydrated magnesia shows a basic character according to Brönsted and Lewis when 
immersed in water. This is due to the dissociation of magnesium hydroxide as shown in 
reaction VII/2. The dissociation leads to an increase in conductivity and alters the pH of a 
suspension with time, as shown in Figure VII-1. The equilibrium pH of a saturated solution 
of magnesium hydroxide is approximately pH 10.5 (Shand 2006), and is in good 
agreement with the equilibrium pH 10.9 determined from Figure VII-1. 
        reaction VII/2   )(2)( 22 OHMgOHMg
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Figure VII-1. Conductivity and pH as a function of time when MgO is dispersed in deionised water and gently 
stirred (wt%=0.05 of heat-treated MgO at 1040°C for 3h; solubility of brucite is wt%=0.0009). 
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This reactive and basic nature of MgO poses some problems when its surface 
charge needs to be investigated:  
i. Correctly speaking, the  of MgO cannot be determined as the electrostatic 
charge of the particle is determined by the hydrated surface layer that 
consists of Mg(OH)2. Thus, we may refer to the potential adsorbent as 
magnesium oxyhydroxide.  
ii. Since a saturated solution of magnesium oxyhydroxide will dissociate in 
water and alter the pH towards its equilibrium pH, it is not trivial to record the 
 as a function of pH. For example, when MgO is dispersed in soft water of 
pH 7, the pH of the suspension is rapidly increased to pH 10.8 ± 0.1 and a 
net positive =8.9 ± 1.6 mV is measured.  
Using the auto-titration system, a suspension of magnesium oxyhydroxide (0.05 
wt%) was subjected to  measurements as a function of pH. The determination of  was 
possible only within a small range of pH, as shown in Figure VII-2a. The graph reveals an 
accumulation of data points in the pH region between 10.6 and 11 where acid (0.1, 0.01 M 
HCl) was added. When a base (0.01 M NaOH) was titrated to the sample, the pH shifted 
towards the basic region and an IEP of 11.9 could be determined. This is in accordance 
with the literature value of MgO or Mg(OH)2 given in Table VII-1. However, the surface 
charge of the adsorbent in terms of  increases when acid is added to the suspension. 
This can be estimated from the Figure VII-2a. The influence of H3O+ ions on the  of the 
magnesium oxyhydroxide is better represented by performing an additional experiment in 
which the measurement was not determined with the help of the auto-titration system. 
Instead, several test waters having different pH values were prepared prior to the 
dispersion of MgO. When magnesium oxyhydroxide was dispersed in these test waters, 
the equilibrium pH was determined and each suspension was evaluated for  
measurements manually. These results are shown in Figure VII-2b, and relate the pH of 
the test waters prior to the addition of the adsorbent with the measured after equilibrium 
pH was achieved. The figure reveals a higher surface charge when more H3O+ ions were 
available. With the linear relation given in the Figure VII-2b, the  of MgO can be 
calculated for 1 < pH < 10. For example, at pH 7, it is calculated to be 8.9 mV, which is in 
perfect agreement with the mean value of 8.9 ± 1.6 mV as obtained by three independent 
previous measurements. Thus, MgO provides a net positive surface charge in the pH 
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range of natural water sources, making it a promising adsorbent material for negatively 
charged viruses. 
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Figure VII-2. Zeta potential measurement of magnesium oxyhydroxide in soft water using a) the auto-titration 
system and b) the manually prepared suspensions. 
 
VII.II.II Physical characterisation of modified depth filters 
DE-based depth filters containing 10, 15, 20 and 30 wt% of MgO were produced. It was 
found that, with an increasing amount of adsorbent, the filters were more susceptible to 
forming cracks during drying and firing. In the case where 30 wt% of MgO was 
incorporated, no single crack-free green body could be obtained, which led to the breaking 
of the filter candle during firing. Hence, only modifications with 10, 15 and 20 wt% of MgO 
could be used for filtration experiments. Such filters showed micro-cracks in the 
longitudinal direction with lengths up to 50 mm. These cracks may have arisen during 
drying from the volume expansion of MgO due to its hydration according to reaction VII/1. 
Another effect that possibly enhanced crack formation is the effectively higher water 
content of the modified feedstock. Kieselguhr has a high water uptake capacity due to its 
many small natural pores. As kieselguhr was substituted by MgO and the water content of 
the feedstock remained unchanged, water must have accumulated at a higher density in 
some regions since it is not able to penetrate the MgO grain. Consequently, the rate at 
which water molecules were released in such regions was higher than in the reference 
filter where water was distributed more homogeneously. These two effects may have led 
to enhanced crack formation. However, the focus of this chapter is the investigation of 
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virus retention in filters that contain MgO. Such filters could be successfully produced even 
with some micro-cracks. These cracks may enhance the flow rate of such filters and allow 
the by-pass of a fraction of viruses; however, the adsorption effect is expected to take 
place anyway. 
 A series of modified filters was characterised in terms of their specific surface area, 
mean pore diameter, porosity and flux. The results are summarised in Table VII-2. The 
introduction of MgO particles led to an increase of the specific surface area as expected 
when DE SSC (BET=5.2 m2/g) was substituted by a material with a larger specific surface 
area such as MgO (BET=49.8 m2/g). The MgO particles also caused a reduction in the 
mean pore size of the filters with increasing amounts of adsorbent. A smaller pore size 
resulted in the reduction of permeability as evidenced by the flux measurements in Table 
VII-2. In contrast, the porosity slightly increased with higher loads of MgO and may reflect 
the increased occurrence of cracks developed in the filter. Figure VII-3 shows the MIP 
results of a modified filter containing 20 wt% of MgO as well as the reference filter. The 
mercury intrusion occurred in the reference filter in a smaller range of pore diameters, 
whilst for both filters the intrusion began at a pore diameter of about 4 µm, and 95% of the 
total mercury was intruded at pore diameters of 480 nm and 120 nm for the reference and 
the modified filters, respectively. Thus, the modification resulted in a higher fraction of 
smaller pores relative to the reference filter. This could also be seen from the mean pore 
diameters listed in Table VII-2. Although the MgO containing filter had a higher number of 
small pores to offer, these pores were still too large to remove small viruses by straining. 
Table VII-2. Some characteristics of the MgO-modified depth filters 
Filter type BET (m2/g) Mean pore diameter (m) Porosity (v%) Flux (m/h) 
Reference 2.1 3.2 64 6.8 
10 wt% MgO 3.2 2 71.5 6.1 
15 wt% MgO 3.8 ND ND 5.4 
20 wt% MgO 4.6 1.6 73.5 4.5 
30 wt% MgO 6.7 1.4 74.6 ND 
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Figure VII-3. Pore size distribution of the MgO-modified filter and comparison with the reference filter. 
 
 The  measurements of powdered filter samples in soft water as a function of pH 
were recorded and are shown in Figure VII-4. When the MgO modified filters were 
compared to the surface charge of the reference filter, a significant change towards less 
negative  values was observed. However, the modified filters still possessed a net 
negative charge between -10 and -50 mV in the investigated pH range. This seems 
reasonable since the major component of the filter was still the negatively-charged DE. 
The fraction of positively-charged magnesium oxyhydroxide particles contributed to the net 
charge and balanced out some of the negative charges from the DE. According to the 
electrostatic enhanced adsorption approach, it was expected that such locally distributed 
positively-charged areas could trap viruses, as shown by Ryan et al. (1999) for sand 
grains partially coated with ferric oxyhydroxides (Chapter IV.I.II). 
Figure VII-5 shows a series of SEM pictures from which a MgO particle can be identified in 
the interior of a modified depth filter with 15 %wt MgO. The fracture surface of the modified 
filter is shown in a) where the MgO particle is highlighted and boxed. The magnification of 
the boxed area is given in b). In c), a MgO particle taken from the raw powder with similar 
size is shown at the same magnification. The Figures VII-6 b) and c) reveal an identical 
morphology of both particles, thus identifying the MgO in the filter. The MgO particles 
consist of aggregated primary particles with an approximate size between 100 to 200 nm. 
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Figure VII-4. Zeta potential as function of pH for MgO-modified filters and reference filter for comparison. 
 
 
 
Figure VII-5. SEM pictures of a) the fracture surface of a modified filter showing a MgO particle (boxed). In 
b) this MgO particle was captured at higher magnification and in c) a particle of the MgO raw powder is 
shown at identical magnification as in b) for comparison. 
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The modified filters were subjected to XRD measurements. The resulting patterns of 
10 to 30 wt% MgO containing filters as well as the reference filter and the adsorbent MgO 
are shown in Figure VII-6. The figure reveals for all filters two significant peaks at 2 of 
26.6° and 50.2° which correspond to tetragonal cristobalite (Young et al. 1977), denoted 
with the dashed blue lines. The main peak of MgO at 2=42.8° (Karen et al. 1999), 
indicated by the dashed green line, was not detected in the reference filter, as expected. 
However, the relative intensity of the MgO peak increased in the modified filters with 
higher MgO content. Also, the modified filters showed additional peaks that could not be 
attributed to either SiO2 or MgO. These peaks were more pronounced in filters with higher 
MgO content and corresponded to the formation of forsterite (Mg2SiO4) as evidenced by 
the reference patterns shown as circles in the figure (Swanson and Tatge 1951). The 
reference pattern was corrected for background signal in the data of the 30 wt% MgO 
modified filter for which a good match was found. The two peaks at 28.1° and 31.3° that 
were not been assigned to this point indicated the presence of enstatite (MgSiO3) 
(Stephens et al. 1966). Enstatite phases are often formed when forsterite is synthesised by 
heat treatment (Douy 2002). Thus, those mineral compounds were formed during the 
sintering process with a mixture of DE, clay and MgO. Based on this result, several 
components have been identified in the modified depth filter, namely SiO2, MgO, Mg2SiO4 
and MgSiO3. Unfortunately, the formation of forsterite/enstatite takes place at the expense 
of the potential adsorbent material, MgO. 
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Figure VII-6. XRD pattern of MgO modified depth filters, the adsorbent material and the reference filter. 
 
VII.II.III Virus removal in depth filters containing MgO 
The modified filters were tested in soft water at pH 5, 7 and 9 to assess their removal 
efficiency in regard to the bacteriophage MS2. Samples were taken after the filtration of 2 
litres of effluent and plated for infectious phages. The results are presented in Figure VII-7. 
A distinct improvement in the retention of MS2 was achieved with these filters compared to 
LRV < 1 for the reference filter (see Chapter VI.III.III). In the effluent of filters containing 15 
and 20 wt% MgO, no single plaque could be detected in the Petri dish, and the high LRV > 
6 approached the detection limit of the enumeration method. Hence, the retention 
performance of these two filters could not be distinguished with this experiment. However, 
the filter with 10 wt% MgO achieved such a high retention only at pH 7. At other pH levels, 
the filter performance was not as good as those which contained more than 10 wt% MgO. 
This could be generally explained by fewer positively-charged adsorption sites available in 
the 10 wt% MgO modified filter. According to the electrostatic enhanced adsorption 
approach, it was surprising that the lowest LRV of 2 was determined at pH 5. So far, no 
explanation can be given for this result. 
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Figure VII-7. Removal of MS2 in modified filters containing 10, 15 and 20 wt% of MgO. Tests were 
conducted in soft water at pH from 5 to 9. 
 
 Since Mg(OH)2 is slightly soluble in water and can alter its pH, it is reasonable to 
monitor the pH in the effluent of modified filters. This is necessary because viruses may 
become inactivated in a basic environment (see Chapter IV.I) and also in order to fulfil the 
requirements for drinking water standards in which the pH should be in the range from 5 to 
9 for human drinking purposes. The pH values of the samples used to determine the 
phage reduction shown in Figure VII-7 are compiled in Table VII-3. These values were 
considerably higher than the pH value in the influents. Most of them were above pH 9 and 
could not be considered appropriate for drinking water.  
Table VII-3. pH values in effluent samples of MS2 tests 
Filter Soft water pH 5 
Soft water 
pH 7 
Soft water 
pH 9 
10 wt% MgO (7,5,9)* 8.4 9.6 9.0 
15 wt% MgO (5,7,9)* 10.4 10 9.8 
20 wt% MgO (7,5,9)* 9.9 10.1 10.1 
* refers to the order in which the filter was challenged with test waters of different pH values. 
 
In order to evaluate a potential pH inactivation of the phage MS2, the titre reduction 
in soft water at various pH values was determined. The normalised titre reduction after one 
hour, the time within samples were plated (when plated, the pH was neutralised in the 
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buffering media used for enumeration), as a function of pH for both phages, MS2 and , is 
given in Figure VII-8. From the graph, it could be concluded that under both acidic and 
basic conditions, the bacteriophages were reduced in their infectivity. For MS2, a pH-
dependent inactivation was reported by Feng et al. (2003), which is in agreement with the 
results obtained here. At pH levels from 9 to 10, the degree of inactivation was below 1 
LRV for MS2 phages. It is unlikely that the large reductions between 6 < LRV < 7 (Figure 
VII-7) were due to chemical inactivation induced by basic pH, although a minor 
contribution could not be excluded. 
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Figure VII-8. pH-dependent inactivation of phages MS2 and . 
 
Next, the long-term behaviour of the MgO containing filters was investigated. Filters 
with 10, 15 and 20 wt% of MgO were subjected to MS2 retention tests in hard water, in 
which filters were alternately challenged with hard water that had been spiked with phages 
and water that was free of phages. These alternating periods are indicated with red bars 
and lines in Figure VII-9, respectively. The tests presented in the figure were conducted 
within a period of 50 days. Additionally, the figure shows the removal of MS2 with these 
filters as a function of effluent in litres and pore volumes. In the first samples (taken 
approximately after 10 l), the virus removal was found to be 4.7, 2.1 and 0.3 LRV for 20, 
15 and 10 wt% MgO modified filters, respectively. This retention was lower for all filters 
when MS2 removal was recorded at comparable pH in soft water (LRV > 6, Figure VII-7). 
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A possible explanation is the reduction of attractive electrostatic interactions due to the 
higher ionic strength in hard water when compared to soft water. Also, ions in hard water 
may possess a buffering effect and neutralise OH- ions which results in a less pronounced 
pH shift. Indeed, the pH shift was less distinct in the effluent of hard water for all filters. 
This is shown in Figure VII-10, where the effluent pH as a function of effluent volume is 
given for filters containing 10 and 20 wt% of MgO. Here, the effluent pH of both filters was 
below pH 9 after 1 litre was filtered, ruling out significant chemical inactivation of the 
phages and fulfilling the drinking water standards in terms of pH.  
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Figure VII-9. MS2 removal conducted in hard water with modified filters containing various amounts of MgO. 
Filters were challenged alternating with MS2-spiked test water and test water free of MS2 phages. 
 
In regard to the long-term behaviour of MS2 removal, the course of the data points 
in Figure VII-9 do not reflect typical breakthrough curves as were recorded in Chapter 
VI.III. Since only a small reduction (LRV=0.3) was measured for the filter modified with 10 
wt% MgO, it was not further investigated. The filter containing 15 wt% MgO showed a 
significant increase in LRV from 2.1 to 2.7 when the second run with MS2-spiked hard 
water was performed. Subsequently, the retention dropped to values around LRV < 0 that 
may indicate desorption of previously attached bacteriophages. In the case where the filter 
was modified with 20 wt% MgO, LRV-values > 4 were measured before the retention 
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dropped to LRV=2.5 after 200 litres of hard water had passed through the filter. A retention 
of approximately LRV=2.5 remained until 400 litres of effluent had passed through the 
filter, at which point the performance began to decrease gradually.  
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Figure VII-10. pH shift in the effluent of MgO modified filters in hard water. 
 
Because of the puzzling changes in filter performance, these filters possibly 
underwent changes in their characteristics which have not yet been considered. It is worth 
mentioning here that the pH shift in the effluent was only observed following a filter 
operation stop, and the change became less pronounced with an increasing number of 
stops (data not shown). This may be linked to the loss of the adsorbent material induced 
by its dissolution. However, this would still not explain the course of the data points in 
Figure VII-9, because the loss of adsorbent material would be expected to gradually 
decrease with increasing effluent volume. Consequentially, one would expect the 
adsorption of bacteriophages to correlate with this gradual decrease. This is in 
contradiction with the plateau at LRV=2.5 for the 20 wt% modified filter and also with the 
increase in LRV from 2.1 to 2.7 with the 15 wt% MgO containing filter.  
If, in addition to dissolution, another process occurred that improved the retention 
performance, this could account for the previously observed complex courses . Such a 
process could be the (re-)formation of magnesium oxyhydroxide in the filter. It is thus 
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proposed that the dissolution of magnesium (oxy-)hydroxide as well as its (re-)formation 
are the two processes that accounted for the puzzling changes to the retention curves. 
Thus, the filter history is of great concern when filters are evaluated in regard to their 
retention performance as their surface characteristics will alter with use. 
VII.II.IV Ageing behaviour of MgO modified filters 
Up to now, all modified filter candles had been in contact with water prior to the 
performance of any virus retention test, for example when the flow rate was measured. 
During the time of first water contact and the virus retention test (at least two days), the 
novel components in the modified filter, MgO and/or Mg2SiO4, may have partly reacted to 
form magnesium oxyhydroxide which is thought to offer virus adsorption sites. This is 
endorsed by our previous studies, where DE-based depth filters were coated with 
oxyhydroxides of zircon and yttrium. Such filters showed virus removal in excess of 6 LRV 
(Wegmann et al. 2008a, b). Furthermore, Mg(OH)2 flocs have been used to concentrate 
Poliovirus (Vilagines et al. 1982) and several bacteriophages (Schulze and Lenk 1983) 
from water by adsorption. This may suggest that the compound Mg(OH)2 is particularly 
involved in the adsorption process. Further investigations concerning the formation of 
oxyhydroxides were undertaken in the present section using virgin filter elements (a filter 
element after production that had not been in contact with water). At the outset, a virgin 
filter candle containing 15 wt% of MgO was subjected to a continuously performed MS2 
retention test. This test was carried out within one day, with the introduction of alternating 
periods of virus-loaded test water. The MS2 retention over the effluent volume is shown in 
Figure VII-11. 
 While the retention of bacteriophage MS2 by the non-virgin filter used in the 
previous experiment (Figure VII-9) was between 2 to 3 LRV in the first 120 litres, the virgin 
filter element showed significantly less retention with LRV < 1 within 300 litres. This low 
virus removal and the fact that the effluent pH of the virgin filter was not altered in the way 
it had been recorded for the modified filter in the previous experiment (see Figure VII-12a), 
relate improved phage removal with the dissolution of Mg(OH)2. However, prior to its 
dissolution it must be formed in the filter, presumably as part of the oxyhydroxide 
compound. This confirms the hypothesis that removal takes place at adsorption sites 
originating from the transformation to an oxyhydroxide. Consequentially, the 
transformation in the virgin filter was not achieved during the time in which the test was 
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performed (approximately 360 min). However, the slight increase in MS2 removal over the 
effluent volume (or time) indicated that the formation had begun to take place. 
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Figure VII-11. MS2 removal conducted in tap water on a virgin filter element containing 15 wt% of MgO . 
 
Further evidence was obtained by the observation of the flow rate through the virgin 
filter over time, as shown in Figure VII-12b. While the filter showed a constant flow rate 
during the time when the virus retention test was performed, it decreased significantly after 
approximately 1000 min. During the time of the experiment (approx. 10 000 min), the filter 
was always wet although it underwent operational stops. The decrease in flow rate was 
also observed with the 15 and 20 wt% modified filters (data not shown) in the 
discontinuously performed MS2 retention test in hard water (Figure VII-9), and it may be 
explained with the volume expansion of MgO as it transformed into Mg(OH)2. A total of 
450 litres of hard water passed through the filter before the filter was subjected to another 
MS2 retention test one week after the first retention experiment. More than 50 litres spiked 
with MS2 phages were forced through the filter, and no single phage could be detected in 
eight effluent samples within these 50 litres. Due to the detection limit of the enumeration 
method, the retention of MS2 was LRV > 4.9 (data not shown).  
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Figure VII-12. In a), the different pH shifts in the effluent of a virgin and a non-virgin filter element are shown. 
In b), the flow rate through a virgin filter element is recorded as a function of time. 
 
 So far, the removal of bacteriophage MS2 in filters modified with MgO was only 
observed in filters that:  
i. had been in contact with water prior to the filtration experiment for a 
minimum period of time (for example, two days) 
ii. showed a pH shift in the first effluent volumes towards the basic region 
iii. underwent a reduction in flow rate with time. 
 
All these points indicate that a particular period of time is needed to change the filter 
characteristics after its first use (contact with water) which is related to the formation of 
magnesium oxyhydroxides. However, it is unknown whether the reaction of MgO alone 
determines the transformation or if forsterite/enstatite is also involved in this process. The 
reaction kinetics of MgO to Mg(OH)2 and its dissolution takes place within 100 min, 
according to Figure VII-1. In contrast, the change in flow rate as well as virus removal 
efficiency in the filter was recorded at t > 1000 min. Thus, the transformation in the filter 
occurred in a delayed manner compared to bare MgO powder. Forsterite and/or enstatite 
may have slower reaction kinetics compared to MgO in water. This could explain the 
longer time needed for the filter to become effective against viruses and would imply that 
these compounds are responsible for virus retention rather than MgO.  
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On the other hand, a powder may undergo transformation more rapidly since the 
volume expansion, associated with the formation of oxyhydroxides, is less hampered as in 
the filter matrix where mechanical forces could impede the expansion.  Moreover, it might 
be reasonable to assume that the MgO particles in the filter have been coated with SiO2-
based materials (DE or clay). Such a depletion of MgO surfaces may have happened 
during the processing (mixing and/or extrusion) of the filter facilitated by attractive 
electrostatic charges between MgO (or its hydroxide) and the SiO2-based materials. The 
scheme in Figure VII-13a illustrates this phenomenon. A total coverage of the particle is 
not expected, thus some MgO surfaces provide sites where water can induce the 
transformation to magnesium oxyhydroxide. The associated volume expansion could 
break up parts of the coverage and release small particles as shown schematically in 
Figure VII-13b. Such particles can be taken up by the fluid and lead to the clogging of 
pores which in turn would contribute to a decrease in flow rate over time, previously shown 
in Figure VII-12. 
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Figure VII-13. Scheme on the coverage of MgO particles in the filter in a). In b), the volume expansion 
induces the breakup of the coverage. 
 
 In order to systematically evaluate the change in filter characteristics of a virgin 
element, an additional experiment was performed: A filter candle containing 20 wt% MgO 
was repeatedly subjected to a defined test cycle. This cycle comprised of flushing the filter 
candle with 5 litres of deionised water. Subsequently, the filter was checked for the 
removal of both bacteriophages MS2 and  in soft water at pH 7. After the retention test 
was conducted, the filter was allowed to dry under ambient conditions for several weeks 
before the filter element was once again subjected to the test cycle. The removal of 
phages as a function of effluent for four cycles is shown in Figure VII-14. Green rectangles 
and red circles refer to MS2 and , respectively. Dashed lines in the corresponding colour 
show the detection limit in each experiment. The low removal of both phages in the first 
cycle is in agreement with the previous results in Figure VII-11, and supports as well the 
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hypothesis that the necessary transformation had not been accomplished. The results of 
the second cycle show that a transformation had occurred and explains the significant 
improvement in phage reduction. While for MS2, a LRV > 4.2 was measured in the first 13 
litres, the retention was lower for  with a maximum LRV=3.3 at 5 litres of effluent. 
However, the removal of both phages was found to decrease after 20 litres, indicating that 
the removal mechanism became exhausted. 
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Figure VII-14. Four test cycles showing retention curves for MS2 and  conducted in soft water at pH 7. 
In the third cycle, the filter performance was further improved with LRV > 3.6 for 
MS2 at effluent volumes > 40 litres (unfortunately, the phage titre was too low in the 
influent so the detection limit was reached at LRV=3.6). Bacteriophage  showed 
improvement in retention with a maximum LRV=4 after which the LRV decreased slightly 
with effluent volumes to LRV=3 at 40 litres. The fact that MS2 was removed consistently at 
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LRV > 3.6 over 40 litres of effluent indicated a more favourable retention of MS2 compared 
to . This enhanced removal was also observed in the second cycle. However, in the 
fourth cycle, both viruses possessed a comparable retention that scattered slightly around 
LRV=2. In the case of phage MS2, this removal corresponded with LRV=2.5 observed in 
the previously conducted experiment in hard water (Figure VII-9) after 200 litres. This 
indicated that at the current state of transformation the influence of the ionic strength 
(and/or ionic composition) was negligible. Thus, these results are in contradiction with the 
electrostatic enhanced adsorption approach as one would expect stronger electrostatic 
forces in soft water. The results of the four cycles in Figure VII-14 are summarised in 
Figure VII-15. Here, the LRV of MS2 and  after 20 litres of effluent is plotted as a function 
of cycle number. For comparison, the identical experiment was also conducted with the 
reference filter discussed in Chapter VI. The figure reveals that no such change in virus 
retention occurred, which clearly demonstrated that virus removal in a MgO modified depth 
filter was improved relative to the reference filter. However the retention was strongly 
influenced by transformational changes in filter characteristics dependent on operation 
history or filter ageing. 
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Figure VII-15. Comparison of MgO modified depth filter with the reference filter. MS2 and  retention con-
ducted in soft water at pH 7 after 20 litres of effluent for each single test performed. 
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However, more information was needed to better understand the transformation 
processes occurring in the filter. In order to do so, the adsorbent material was investigated 
in regard to its reaction with water. MgO powder was placed into a Petri dish together with 
hard water and was dried at 70°C or at room temperature for several days. Subsequently, 
the surface morphology of these samples was altered (as shown in Figure VII-16b and c) 
at 70°C and room temperature, respectively. Figure VII-16a shows a MgO particle that had 
not been in contact with water. This structural change induced by the contact with water 
and subsequent drying is hereafter termed “activation”. The XRD patterns of activated 
MgO (at room temperature) as well as bare MgO powder are shown in Figure VII-17 along 
with the main peaks of Mg(OH)2 according to Cerny et al. (1995). From the XRD patterns, 
the transformation into crystalline Mg(OH)2 could be concluded. The wider brucite peaks 
indicated small structures and confirmed the morphological change shown in the SEM 
image (Figure VII-16). Moreover, the increasing intensity at lower angles revealed the 
formation of amorphous compounds. Thus, the activation of MgO led to the formation of 
magnesium oxyhydroxide that contained crystalline Mg(OH)2 and amorphous compounds 
of the elements Mg, O and H. 
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Figure VII-16. Surface of MgO particles as delivered (a), after contact with water and dried at 70 °C (b) and 
dried at room temperature (c). 
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Figure VII-17. XRD pattern for MgO activated at room temperature and MgO powder for comparison. 
 
Since the magnesium oxyhydroxide was thought to account for the removal of 
viruses, the adsorbent material in its as-delivered and activated states was analysed by 
ATR FT-IR. The results are presented in Figure VII-18. Additionally, the figure includes 
results of filter samples from the reference filter, a virgin element modified with 20 wt% 
MgO and the 20 wt% modified filter after the fourth cycle from the previous experiment. 
MgO-specific absorbance peaks appeared at wave numbers from 600 to 400 cm-1 (Ezhil 
Ray et al. 2007), which explained the increase in absorbance for the MgO and activated 
MgO samples at the right hand side of the recorded spectra. Yacob et al. (2009) reported 
on stretching for OH-groups bonded to Mg and bonding peaks for O-H at 3702 and 1490 
cm-1, respectively. These peaks could be identified in the MgO and activated MgO 
samples, whereas the absorbance appeared to be more pronounced in the activated 
sample. This is in agreement with the XRD pattern (Figure VII-17). However, such peaks 
were not observed in the spectra of any filters, presumably because their intensity was too 
low for detection. The O-H stretching band (between 3600 to 3200 cm-1) of water and the 
O-H bending peak (at 1639 cm-1) of water (Yacob et al. 2009) were detected only in the 
MgO samples, where the absorbance was again more pronounced in the activated 
sample. These results did not provide evidence for the proposed adsorption sites made up 
of magnesium oxyhydroxides, probably because they occurred in relatively small amounts 
within the filter. This is reasonable if it is assumed that only a surface layer on the MgO (or 
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Mg2SiO4) bears such adsorption sites. However, it might be assumed that those 
adsorption sites detected in the activated MgO were also present in the used filter.  
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Figure VII-18. ATR FT-IR spectra of the relevant powdered samples. 
 
Next, the two filters containing 20 wt% MgO in the virgin state and following four 
cycles of retention tests were characterised in terms of XRD analysis in order to verify a 
potential change in composition during filter operation. Therefore, the two patterns were 
subtracted from each other (used filter minus virgin filter). The resulting pattern is shown in 
Figure VII-19, accompanied with the most relevant (relative intensity > 10%) reference 
peaks of Mg2SiO4, shown in green lines, as well as MgSiO3, shown in red lines (Swanson 
and Tatge 1951 and Stephens et al. 1966, respectively).  
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Figure VII-19. Subtraction of XRD pattern of two 20 wt% MgO modified filters: a virgin element and one after 
use. 
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The graph revealed a lower intensity of the forsterite signal; in contrast, the enstatite 
phase appeared to be increased after the filter had been in use. This indicated an 
additional reaction apart from the transformation of MgO to magnesium oxyhydroxide. 
Thus, water-based reactions with forsterite/enstatite may also affect virus removal as 
proposed earlier. Pokrovsky and Schott (2000), for example, studied the kinetics and 
mechanism of forsterite dissolution in water. They proposed a transformation that may 
take place at the surface according to reaction VII/3, which leads to the formation of 
Mg(OH)2 at pH > 9. Also, it might be assumed that forsterite is decomposed with time into 
enstatite and brucite, corresponding to reaction VII/4. 
  4442242 )(4 SiOHOHMgOHSiOMg       reaction VII/3 
 
  23242 )(OHMgMgSiOOHSiOMg       reaction VII/4 
 
On the other hand, Figure VII-19 may confirm the hypothesis that due to the volume 
expansion of magnesium oxyhydroxide, small particles composed of forsterite and 
enstatite were released during filter operation. If such particles were instantaneously 
retained in the filter, forsterite would dissolve with filter use over time according to reaction 
VII/3 and the ratio of forsterite to enstatite relative intensity would decrease, hence 
explaining the differences in the XRD patterns in Figure VII-19. 
According to reactions VII/3 and VII/4, as well as the transformation of MgO to 
magnesium oxyhydroxide, we might expect a difference in surface charge upon filter use. 
 measurements were performed with the virgin filter and the filter subjected to four test 
cycles; however, these results revealed no significant changes (data not shown). This 
investigation may be questionable since such reactions could occur in a delayed manner 
in the filter compared to the fine powder that was used in the measurement. Fine powder 
may undergo transformation more rapidly because of volume expansion, associated with 
the formation of oxyhydroxides, is less hampered as in the filter matrix where mechanical 
forces would impede the expansion.  
In another experiment, the specific surface area of a 15 wt% MgO modified filter 
showed an increase after it had been flushed twice with hard water. The BET increased 
from 3.8 to 7.9 m2/g. Thus, an additional change in filter surface morphology may occur 
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during filter operation besides the chemical transformations. This is reasonable since such 
a change in morphology has been observed with the adsorbent material (Figure VII-16). 
The 20 wt% MgO-modified filter was investigated by SEM after the four test cycles had 
been completed. A Mg-rich zone in the filter, as detected by energy-dispersive X-ray 
spectroscopy (data not shown), is shown in Figure VII-20. The high magnification in b) 
reveals the morphological change after several contacts with water compared to the MgO 
grain in the virgin filter (see Figure VII-5). However, this newly-formed morphology did not 
resemble the one shown in Figure VII-16 which referred to the activated MgO. This may be 
explained with the highly saturated MgO solution used for the activation in the Petri dish 
compared to the lower concentration in the inner zone of the wet filter. Highly saturated 
solutions may form lamella-shaped crystals as they are found following the activation 
process. Nevertheless, the morphology had been altered in the non-virgin filter. This 
morphology possessed aggregated primary particles with an approximate diameter of 100 
nm, the same size of the primary particles as they were detected in the MgO grain with 
higher packing (recall Figure VII-5c).  
It is thus proposed that the adsorbent experiences a stepwise decomposition into 
primary MgO particles induced by the chemical transformation to magnesium 
oxyhydroxide according to the scheme of Salomao et al. (2007), which is shown in Figure 
VII-21. This could modify the surface morphology on the MgO grains as shown in Figure 
VII-20b.  
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Figure VII-20. (a) SEM picture of transformed MgO in the depth filter after four retention test cycles. In (b), 
the higher magnification reveals the nanostructered morphology following transformation. 
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Figure VII-21. Scheme on the decomposition of polycrystalline MgO in water (adapted from Salomao et al. 
2007). 
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VII.II.V Discussion on the removal mechanisms 
In order to remove bacteriophages in the MgO modified filter candles, a change in filter 
surface characteristics associated with water-based reactions needs to take place. These 
changes have been shown to alter virus removal in a complex manner associated with 
filter operation history. The changes involve the formation of magnesium oxyhydroxides 
originating from the bare MgO and/or from the generated compounds Mg2SiO4/MgSiO3 
during sintering. Moreover, the morphological change of MgO particles may play a role in 
the removal of viruses. In general, the removal of viruses by metal oxyhydroxides can be 
attributed to two principle mechanisms: adsorption and inactivation of the virus species as 
reported in previous studies and outlined in Chapter IV.I.  
 According to Table VII-1, both MgO as well as its hydroxide possess a positive 
surface charge that is suspected to trap viruses in water according to the electrostatic 
enhanced adsorption approach. However, it might be questioned if the IEP of MgO refers 
rather to the IEP of a magnesium oxyhydroxide in Table VII-1 as the dispersion of MgO in 
water readily leads to a transformation. The reaction of MgO within the depth filter might 
be hampered by mechanical forces during volume expansion to form magnesium 
oxyhydroxide, and MgO grains might be covered in a way that viruses may not access the 
adsorbent surface. However, a change in filter characteristics which provides viral access 
to the positively charged magnesium oxyhdroxide would account for virus removal in 
agreement with the electrostatic enhanced adsorption approach. Calculations based on 
DLVO theory revealed no energy barrier in soft water at pH 5, 7 and 9 for MS2. The 
energy-distance curves for both phages are given in Figure VII-22 for soft water at pH 7. 
The figure reveals attractive interactions for both phages, whereas MS2 experiences 
attraction at larger distances relative to . This could explain the preferred removal of MS2 
compared to  in Figure VII-14. On the other hand, the previously proposed steric barrier 
of  could also explain a preferred retention of MS2 relative to . 
 Considering the bonding mechanisms induced by electrostatic forces in depth, it 
may be reasonable to assume that the functional groups on the surfaces are involved in 
determining the strengths of these bonds. For example, hydrogen bonds between 
functional carboxyl groups on the virus’ capsid and hydroxyl groups found on the surface 
of the magnesium oxyhydroxide may be appropriate to bind viruses to the surface. 
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Figure VII-22. Energy-distance curves for MS2 and  according to DLVO theory. 
 
 On the other hand, hydrophobic interactions may be involved in the adsorption 
mechanism. While MgO shows a water-contact angle of 58°, its hydroxide is in general 
very hydrophilic with water-contact angles < 10° (Table VI-4). However, the removal may 
be also attributed to a possible hydrophobic character brought on by the nanostructered 
transformation of MgO in the filter. Figure VII-23 presents the contribution of particular 
forces such as hydrophobic, van der Waals and EDL on the (X-)DLVO interaction energy 
profiles for MS2 in soft water at pH 7 assuming =5°. Under these conditions, the 
electrostatic forces contribute most to the total interaction followed by the van der Waals 
forces. Hydrophobic interactions have no significant influence, thus the calculations 
according to either DLVO or X-DLVO theory led to comparable curves. If it is assumed that 
the formation of the nanostructured surface on the adsorbent creates a hydrophobic 
character, it is possible to estimate the effect on X-DLVO energy-distance curves by 
altering the water-contact angle . This is shown in the inset of Figure VII-23, where 
stronger attractive interaction energies were found for increasing . At > 90°, the 
interaction was controlled by hydrophobic forces and revealed no significant difference in 
attraction between MS2 (=50°) and the slightly more hydrophilic (=42°). This could 
explain the similar removal of both phages with LRV=2 in the fourth cycle in Figure VII-14. 
Hence, the removal of bacteriophages may be attributed to adsorption. The forces leading 
to adsorption may alter during filter history. In the beginning of the filter’s operation history, 
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adsorption may be controlled by electrostatic interactions, while hydrophobic interactions 
become increasingly important with the formation of nanostructures. 
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Figure VII-23. Calculated interaction energies for MS2 and MgO in soft water at pH 7. The contribution of 
single components such as hydrophobic, van der Waals and EDL are shown together with the resulting total 
interaction energies for either DLVO or X-DLVO. The inset reveals the effect of increasing water-contact 
angle on X-DLVO interaction energy.  
 
In addition to adsorption, the inactivation of the viruses may also contribute to the 
recorded removal of MS2 and . Viruses are known to be inactivated by heat, oxidising 
agents and basic pH (Cliver 2009). The hydrated surface of MgO possesses a positive 
surface charge. At the interface, dissolution to Mg2+ and 2 OH- takes place. According to 
the EDL model, described in Chapter III.I, negatively charged ions must balance out the 
electrical charge on the surface. Thus, OH- ions from the dissolution process may 
accumulate in the diffuse layer of the EDL. Such an accumulation corresponds to a higher 
pH value which may inactivate viruses. This hypothesis is in agreement with the model 
discussed by Frost et al. (1990), who explained the removal of heavy metals from 
solutions with the formation of metal hydroxides at the basic interface of Mg(OH)2. 
 Additionally, the basic pH found in the EDL of the oxyhydroxide may induce 
inactivation but may also induce the formation of reactive oxygen species, such as the 
superoxide anion ( ), which is stable at basic pH values. Huang et al. (2005) showed the 
inactivation of bacteria in an aquatic environment when nano-scaled MgO particles were 

2O
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present. They attributed the inactivation to  that was generated from dissolved oxygen 
in solution at the interface of hydrated MgO particles. Based on FT-IR measurements, 
Huang et al. proposed that these superoxide anions interacted with carbonyl groups (C=O) 
in peptide bonds (where amino acids are joined together), leading to the degradation of 
proteins. 

2O
Another effect to be considered here is the high proton affinity originating from the 
oxyhydroxide surface. While the OH- concentration is suspected to be high in the diffuse 
layer of the EDL, protons from the M-OH groups protrude from the interface into the Stern 
layer. Thus, the surface shows a local plane of high proton concentration. Such an acid 
environment might simulate cell signalling of host cells triggering the virion for entry (see 
Chapter V.I.II), thereby inducing a conformational protein change. The primary structure of 
a capsomer, which makes up the viral capsid, consists of a combination of both positive 
(basic) and negative (acid) groups. Conformational change of the protein’s secondary or 
tertiary structure may occur so as to maximise the number and magnitude of chemical 
bonds (covalent, ionic or hydrogen type) with the surface of the adsorbent. It is 
hypothesised that such changes in the virus capsid may lead to pullout of the viral 
genome. Since the viral code is very unstable without its protecting capsid, it will lose its 
function rapidly, resulting in the inactivation of the viral particle. 
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VII.III Summary and conclusions 
It has been shown that the introduction of MgO into depth filters can significantly improve 
the retention of bacteriophages MS2 and  by more than 4 LRV compared to the reference 
filter. However, the virgin filter element is not capable of removing infectious viruses. This 
is explained with a reactive process of MgO with DE and/or clay during sintering that 
impedes virus adsorption sites. After the filter has been in operation, the virus retention 
efficiency is considerably improved accompanied by other changes in filter characteristics, 
such as flow rate, specific surface area and leaching. These changes may comprise the 
chemical composition and morphology of magnesium compounds in the filter. Thus, 
positively-charged adsorption sites on the magnesium oxyhydroxides may account for the 
removal of viruses according to the electrostatic enhanced adsorption approach (or via 
hydrogen bonding). The development of nanostructured surfaces within the filter may 
induce hydrophobic interactions that play a role in adsorption. Despite adsorption 
phenomena, virus inactivation at the interface of magnesium oxyhydroxides has also been 
proposed to contribute to the reduction of virus titres. 
Because these changes influence the filter performance with operation time, such 
filters are not recommended for drinking water production due to significant variations in 
virus removal. Moreover, the filter may alter the pH in the effluent to values above pH 9, 
which does not fulfil drinking water regulations. The pH shift occurs in the first effluent 
volumes and is influenced by the buffering capacity of the test water. Nevertheless, 
magnesium oxyhydroxide has a great potential to remove viruses from water due to its 
high IEP, availability and low cost. More studies are needed to investigate the mechanisms 
of virus removal by MgO, in particular the potential effect of inactivation at the surface 
following adsorption. 
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VIII.I Summary and conclusions 
The removal of microorganisms by depth filtration is restricted to larger-sized pathogens 
such as bacteria and protozoa. The additional removal of viruses by adsorption is currently 
the concern of studies that have aimed towards a low-cost single stage filtration process 
with the potential for POU applications. In this work, it was shown that viruses often 
possess a negative surface charge at pH values occurring in natural water sources, 
although a smaller fraction of viruses may also carry a positive surface charge. Based on 
the surface charge of virus and filter media, the work presented here investigated the 
removal of two selected bacteriophages, namely MS2 and . The positively and negatively 
charged viruses were evaluated in regard to their adsorption to a common ceramic filter 
candle based on DE and its modification by the addition of positively charged magnesium 
oxyhydroxides according to the electrostatic enhanced adsorption approach. 
 A difficulty in determining the colloidal characteristics of the phages was noted. This 
was due to the requirements on the virus suspension to be characterised. Ideally, viral 
suspensions contain a high concentration of virus (> 109 PFU/ml) and no impurities. 
Despite spending great efforts in order to measure the surface charge and the size of 
bacteriophage  in the aquatic environment, this goal was not met in this work. Working 
with “live” bacteriophages is not trivial, as evidenced, for example, by the detection of a 
viral contaminant, the Siphophage. This implies some difficulties when the adsorption 
behaviour of such viruses is to be verified. 
 The ceramic filter candle based on DE was found to remove submicron-sized latex 
particles and the viral contaminant (Siphophage) by adsorption. The unique structure of 
the DE may have contributed significantly to the adsorption by offering some hydrophobic 
adsorption sites thanks to the nanostructered surface of the skeletons of the diatoms. For 
small spherically-shaped viruses, such as MS2 and , these filters showed no sufficient 
barrier. In the case of phage , where attractive interactions were expected according to 
the electrostatic enhanced adsorption approach, only little adsorption was reported in the 
presence of divalent ions. Thus, additional repelling forces such as steric stabilisation of 
the phage or hydration forces are supposedly present in the system. 
 Filters that had been modified with MgO showed improved virus retention up to 7 
LRV, indicating the great potential of magnesium oxyhydroxides for efficient virus removal. 
However, the reactive behaviour of MgO during filter sintering was responsible for the 
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finding that virgin filter candles need to undergo a change in filter characteristics before 
they are capable of removing infectious viruses. As these changes occur in a complex 
manner influenced by filter operation history along with alternating virus removal, these 
modified depth filters may not be recommended for use. 
The experimental results on virus removal were verified with DLVO and X-DLVO 
calculations. These models supported the understanding of virus retention in depth filters 
and showed, for example, the significance of hydrophobic interactions in virus adsorption. 
However, these models were only partly capable of explaining retention behaviour, 
probably because they are restricted to interactions originating from van der Waals, 
electrostatic and hydrophobic interactions. Also, these models do not account for virus 
inactivation which is thought to take place at the interface of magnesium oxyhydroxide. 
Nevertheless, the experimental data along with the models applied here proved that the 
electrostatic enhanced adsorption approach does not serve as a unifying theory with which 
virus adsorption to surfaces can be described.  
VIII.II Outlook 
Magnesium oxyhydroxide has a great potential to be applied in water treatment. It is used 
to remove metal ions, such as Zn and Mn from water (Roetting et al. 2008). Frost et al. 
(1990) showed the removal of Ni from water and presented a number of other applications 
of MgO in the field of water treatment, such as acid neutralisation and the removal of 
phosphorous, ammonia, dyes, algae and other organic materials. 
Moreover, this material can remove viruses in water when embedded in a ceramic 
filter as presented in this work for the first time. However, the exact mechanisms are still 
unknown. Thus, further work is recommended which aims towards understanding these 
mechanisms. Furthermore, the effects of adsorption and inactivation on virus retention 
need to be investigated. For this manner, adsorption-elution experiments can be applied 
that may reveal the fraction of reversibly adsorbed viruses. Next, the specific mechanisms 
of adsorption and/or inactivation should be clarified. 
For adsorption, only the systematic study of all possible surface forces 
(electrostatic, van der Waals, hydrophobic, steric, hydrogen bonds and so on) acting 
between the virus and adsorbent material may finally lead to the understanding of the virus 
sorption process. Models such as the X-DLVO theory need to be further extended so that 
they can account for all surface interactions. Once the nature of virus adsorption can be 
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described with theoretical tools, the engineering of simple, low-cost and single-stage water 
treatment facilities should be easily realised by tailoring the ideal adsorbent material. 
In general, positively charged metal oxyhydroxides seem to be promising materials 
that are capable of removing non-enveloped viruses with a rather hydrophilic character. In 
contrast, viruses having an envelope (or a more complex morphology) tend to be 
hydrophobic in nature; thus nanostructures, which favour hydrophobic interactions, may be 
beneficial in the retention of viruses. Moreover, the higher specific surface area of 
nanostructured surfaces offer a higher number of adsorption sites. Also, the combination 
of materials in composites, such as positively charged metal oxyhydroxides in a 
hydrophobic polymer matrix, might be efficient for the removal of viruses having different 
colloidal properties. Therefore, future research should focus in particular on inactivation 
processes on surfaces, since this would exclude potential problems of filters working on 
the adsorption principle, such as breakthrough upon filter capacity exhaustion or a 
desorption of viruses during use. Such ideal materials may be incorporated into common 
depth filters or they might be shaped into granular matter to build a specific depth filtration 
unit with which to remove viruses from water for more efficient water treatment, not only for 
decentralised POU applications. 
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Abbreviations, symbols and physical constants 
Abbreviations 
AFM   Atomic force microscopy 
ATR  Attenuated total reflection 
ATTC  American Type Culture Collection 
AWI  Air-water interface 
AWSI  Air-water-solid interface 
BET  Brunauer-Emmett-Teller method 
BSA  Bovine serum albumin 
CFU  Colony forming units 
DE   Diatomaceous earth 
DLS  Dynamic light scattering 
DLVO  Refers to the classical theory of Derjaguin, Landau, Verwey, and Overbeek 
DSMZ  Deutsche Sammlung von Mikroorganismen und Zellkulturen  
  (the German Collection of Microorganisms and Cell Cultures) 
E. coli  Escherichia coli 
EDL   Electrical double layer 
EPA   Environmental Protection Agency  
  Enterobacteria phage X174 
FT-IR   Fourier transform infrared spectroscopy 
FFU  Focal forming unit 
FC  Filter Cel (DE-type) 
ICTV  International Committee on Taxonomy of Viruses 
IEP   Isoelectric point 
ISO  International Organization for Standardization 
LRV   Log reduction value 
MIP  Mercury intrusion porosimetry 
MO   Metal oxides 
MS2  Enterobacteria phage MS2 
ND  Not determined 
NTU  Nephelometric turbidity unit 
PET   Polyethylene terephthalate 
PFU  Plaque forming units 
POU   Point-of-use 
PSD  Particle size distributions 
PZC   Point of zero charge 
R  Fractional retention 
SEM  Scanning electron microscopy 
SLS  Static light scattering 
SSC  Standard-Super-Cel (DE-type) 
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TEM  Transmission electron microscopy 
TMV   Tobacco mosaic virus 
TOC  Total organic carbon 
TSB  Tryptic soy broth 
TSA  Tryptic soy agar 
UN   United Nations 
US  United States 
UV  Ultraviolet 
WHO   World Health Organization 
X-DLVO Extended DLVO 
XRD  X-ray diffraction 
 
Symbols 
a  Radius of a spherical particle 
AH  Hamaker constant 
ci  Concentration of i:th ion in solution 
Ci   Concentration of i in the effluent 
Ci0  Concentration of i in the influent  
d  Diameter 
dHydro  Hydrodynamic diameter 
D  Diffusion coefficient 
E  Electrical field 
f(a)  Henry function 
i   Component of interest 
l  lonic strenght 
  Flux 
K1W2  Hydrophobic constant for asymmetric interactions in water 
n  Refractive index 
T  Absolute temperature 
U   Electrical potential 
UA  UStern of the adsorbent 
UStern  Electrical potential at the Stern-layer 
UV  UStern of the virus 
  Flow rate 
ve  Main electronic absorption frequency in the UV region 
x  Distance 
z  Inter-atomic distance 
zi  Valence of i:th ion 
J
V
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Greek symbols 
  Porosity 
r  Relative permittivity 
  Interaction energy 
B  Energy barrier 
DLVO  Total interaction energy according to classical DLVO-theory 
EDL  Electrostatic double layer interaction energy 
T  Thermal energy 
VDW  van der Waals interaction energy 
W  Energy well 
X-DLVO  Total interaction energy according to X-DLVO-theory 
Hydrophob Hydrophobic interaction energy 
  Viscosity 
   Debye-Hückel parameter 
1/  Thickness of the diffuse part of the EDL 
  Wavelength 
W  Dielectric wavelength for water 
E  Electrophoretic mobility 
  Velocity 
  Water-contact angle 
  Zeta potential 
 
 
 
Physical constants (according to the Particle Data Group 2008) 
 
e-  Elementary charge    1.602 176 48710-19 C 
0  Permittivity of free space  8.854187817×10-12 F m-1 
w  Dielectric constant of water  78.54 at 25°C 
h   Planck constant    6.626 068 96×10-34 J s 
k  Boltzmann constant   1.3806504×10-23 J K-1 
NA  Avogadro constant   6.02214179×1023 mol-1 
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